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I.  BACKGROUND 


We  have  examinedAx-ray  and  ultraviolet  lithographic  methods  for  the  microfabrication  of  fine- 
line  features,  with  particular  emphasis  on  the  use  of  high  temperature  plasmas  as  x-ray  sources.  Out 
of  this  work  has  come  a  series  of  scientific  presentations  and  publications  generated  by  a  group  of 
scientists  at  the  Naval  Research  Laboratory,  in  collaboration  with  their  coworkers  at  other  institutions. 
These  publications  are  collected  under  one  cover  in  this  report. 

The  individual  papers  are  briefly  synopsized  in  the  Compendium,  and  reprinted  in  the  Reprint 
section.  The  ordering  of  the  papers  is  by  date:  for  published  proceedings  of  meetings,  the  meeting 
date  takes  precedence  over  the  final  publication  or  copyright  date. 

It  is  noteworthy  that  concepts  first  put  forward  in  these  publications  have  culminated  in  the  com¬ 
mercial  availability  of  a  laser-plasma-based  x-ray  lithography  system. 

Present  efforts  are  aimed  at  the  optimization  of  x-ray  and  UV  sources  suitable  for  the  litho¬ 
graphic  application. 
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II.  COMPENDIUM 


First  Technical  Demonstration 


2.1  -  2.8 


Experimental  Details 
Laser-Plasma  X-Ray  Source 
Exposure  Considerations 
Laser  Optimization  Proposed 


“Pulsed  X-ray  Lithography” 

D.J.  Nagel,  R.  R.  Whitlock,  J.  R.  Greig,  R.  E. 
Pechacek,  and  M.C.  Peckerar.  Meeting  held  9-11 
April  1978,  San  Jose,  CA,  SP1E  conference  on 
Developments  in  Microlithography. 

This  is  the  first  reported  application  of  the  laser- 
produced  plasma  x-ray  source  for  x-ray  lithogra¬ 
phy.  Although  our  Technical  Demonstration 
experiment  was  conducted  under  non-optimized 
exposure  conditions,  it  successfully  demonstrated 
the  feasibility  of  the  laser-plasma  x-ray  litho¬ 
graphic  method,  and  pointed  the  way  toward  more 
practical  prospects  in  the  future. 


“Laser-Plasma  Source  for  Pulsed  X-ray  Lithogra¬ 
phy” 

D.J.  Nagel,  R.  R.  Whitlock,  J.  R.  Greig,  R.  E. 
Pechacek,  and  M.C.  Peckerar.  Meeting  held  9-11 
April  1978,  San  Jose,  CA.  Proceedings  published 
as  Developments  in  Semiconductor  Microlithogra¬ 
phy  Ill,  SP1E  Volume  135,  R.L.  Ruddell,  et  al., 
eds..  Society  of  Photo-Optical  Instrumentation 
Engineers,  Bellingham,  Washington,  (September, 
1978),  pp.  46-53. 

This  Proceedings  article  of  the  April,  1978,  meet¬ 
ing  formally  documents  the  basic  findings  of  our 
Technical  Demonstration  (additional  information 
in  Electronics  Letters  article,  below).  Also  impor¬ 
tant,  the  characteristics  of  the  laser-heated  plasma 
as  an  x-ray  source  are  reviewed.  Potential  expo¬ 
sure  system  problems  for  this  source  (penumbral 
blurring,  debris,  excessive  mask  heating)  are 
enumerated.  The  laser  pulse  energy  required  to 
achieve  single  shot  resist  exposure  is  estimated. 
The  concept  of  a  laser  optimized  for  x-ray  lithog¬ 
raphy  is  introduced. 


3.1  -  3.12 


Potential  Problems  Examined 
Target  Debris 
Mask  Heating 
CV  Curves 
Interface  States 
Resist  Sensitivity 


“High  Speed  X-Ray  Lithography  with  Radiation 
from  Laser-Produced  Plasmas” 

M.C.  Peckerar,  J.  R.  Greig,  D.  J.  Nagel,  R-  E. 
Pechacek  and  R.  R.  Whitlock.  Meeting  held  21-26 
May  1978,  Seattle,  Washington.  Published  in 
Proceedings  of  the  Symposium  on  Electron  and 
Ion  Beam  Science  and  Tech.,  Eighth  International 
Conference,  Vol.  78-5,  R.  Bakish,  ed.  Electro¬ 
chemical  Society,  Princeton,  NJ  (February,  1979), 
p.  432-443. 

Methods  for  alleviating  harmful  effects  of  target 
debris  and  thermal  cycling  of  masks  during  expo¬ 
sure  are  set  forward  in  this  review  of  potential 
problem  areas  associated  with  the  laser  plasma  x- 
ray  source.  The  premature  laser-target  interaction 
which  was  sometimes  present  in  the  Technical 
Demonstration,  would  not  be  a  factor  in  a  dedi¬ 
cated  laser  system  designed  for  x-ray  lithography. 
Capacitance-voltage  curves  for  MOS  capacitors 
exhibit  a  small  shift  in  position  after  exposure  to 
the  laser-plasma  x-ray  source,  implying  only  mod¬ 
est  increases  in  the  density  of  fast  interface  states 
at  the  oxide-silicon  interface.  The  sensitivity  of 
PBS  for  these  short  x-ray  bursts  was  found  to  be 
essentially  the  same  as  for  steady-state  x-ray  expo¬ 
sures.  That  is,  the  reciprocity  loss  experienced 
with  visible  light  in  photographic  emulsions  evi¬ 
dently  does  not  operate  here  to  any  great  degree. 


4.1  -  4.4 


Exposure  System 
Biological  Radiography 


“Lithography  and  High-Resolution  Radiography 
with  Pulsed  X-Rays” 

D.J.  Nagel,  J.  M.  McMahon,  R.  R.  Whitlock,  J.  R. 
Greig,  R.  E.  Pechacek  and  M.  C.  Peckerar.  Meet¬ 
ing  held  28  Aug.  -  1  Sept.  1978,  Sendai,  Japan. 
Published  in  Proceedings  of  the  International 
Conference  on  X-Ray  and  XUV  Spectroscopy, 
Japanese  J.  Appl.  Phys.,  Supplement  17-2,  17 
(December,  1978),  p.  472-475. 


After  briefly  reciting  the  major  findings  of  the 
laser-plasma  Technical  Demonstration  experiment, 
we  then  discuss  a  concept  for  an  integrated  expo¬ 
sure  system  employing  the  laser-plasma  x-ray 
source.  Also,  the  feasibility  of  using  the  laser- 
plasma  x-ray  source  to  obtain  100  A  resolution  (or 
better)  of  biological  samples  by  contact  exposure 
is  predicted. 
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5.1  -  5.2 


First  Replication 
Submicron  Resolution 
Details  of  Demonstration 
Modest  Interface  State  Density 


6.1  -  6.17 


Concise  Source  Comparison 
Spectrum  and  Resolution  in 
Resist 

Tabulation  of  Source 
Characteristics 


7.1  -  7.4 


Radiation  Damage  Tests 
Electrical  TBS  Tests 


“Submicrosecond  X-Ray  Lithography” 

D.J.  Nagel,  M.  C.  Peckerar,  R.  R.  Whitlock,  J.  R. 
Greig  and  R.  E.  Pechacek.  Electronics  Letters  (23 
November  1978)  14/24,  p.  781-782. 

The  first  lithographic  replication  by  exposure  to 
x-rays  emitted  from  a  laser-produced  plasma  is 
presented.  Submicron  resolution  is  substantiated. 
The  conduct  of  the  Technical  Demonstration 
experiment  is  documented  briefly  but  in  detail. 
Electrical  tests  for  damage  induced  by  the  litho¬ 
graphic  x-rays  in  MOS  capacitors  indicate  only 
modest  increases  in  the  density  of  fast  traps  at  the 
oxide-silicon  interface. 


“Comparison  of  X-Ray  Sources  for  Exposure  of 
Photoresists  ” 

D.J.  Nagel.  Meeting  held  June  1979.  Published  in 
Annals  of  the  New  York  Academy  of  Sciences, 
342  (13  June  1980),  pp.  235-251. 

The  relationships  between  the  spectral  properties 
of  x-ray  sources  and  the  relative  sensitivity  and 
ultimate  resolution  of  photoresists  are  encapsu¬ 
lated.  A  concise  and  informative  comparison  of 
the  major  types  of  x-ray  sources  (electron  beam 
impact,  synchrotron,  and  plasma)  is  presented, 
with  a  convenient  tabulation  of  source  characteris¬ 
tics  as  they  relate  to  x-ray  lithographic  exposures 
and  microradiography.  A  transcript  of  the  Discus¬ 
sion  following  the  presentation  is  also  included. 


“Radiation  effects  in  MOS  devices  caused  by  x- 
ray  and  e-beam  lithography” 

M.  Peckerar,  R.  Fulton,  P.  Blaise,  D.  Brown  and 
R.  Whitlock.  J.  Vac.  Sci.  Tech.,  (November, 
1979)16/6,  p.  1658-61. 

MOS  devices  were  irradiated  by  steady-state  x-ray 
and  electron  sources  at  levels  typical  of  litho¬ 
graphic  exposures.  The  devices'  electrical  perfor¬ 
mance  was  observed  to  have  a  sizeable  sensitivity 
to  stressed  conditions  of  increased  temperature 
and  bias  (TBS  tests);  subsequent  interpretation 
(Peckerar,  et  al.,  December,  1982,  included 
herein)  held  that  the  high  degradations  were  due 
to  processing  steps,  and  not  to  the  lithographies 
directly.  The  direct  deposition  of  exposure  beam 
energy  was  calculated.  (Later,  more  advanced  cal¬ 
culations  of  the  energy  transport  by  photoelec¬ 
trons  were  made  by  C  M.  Dozier,  D.B.  Brown,  et 
al.,  in  works  not  included  herein.) 


8.1  -  8.3 


“Radiation  Hardness  of  LSI/VLSI  Fabrication 
Processes” 

H.L.  Hughes.  IEEE  Transactions  on  Nuclear  Sci., 
Vol.  NS-26,  No.  6  (December,  1979),  5053-5. 

Iversion  Voltage  a  Constant  During  the  Technical  Demonstration,  MOS  capaci- 

Irradiation-Bias  Stress  Test  tors  were  lithographically  fabricated  using  positive 

PBS  resist,  exposed  by  a  dose  of  kilovolt  x-rays. 
Electrical  tests  were  performed  afterward  on  these 
MOS  structures.  The  results  imply  that,  for  de¬ 
vices  which  are  not  subject  to  further  ionizing 
radiation  after  fabrication  is  complete,  no  degrada¬ 
tion  in  inversion  voltage  due  to  x-ray  lithography 
is  anticipated.  However,  significant  changes  in 
inversion  levels  were  found  in  capacitors  which 
were  subsequently  irradiated  under  bias  by  a  Co60 
source.  Since  important  applications  of  high  speed 
circuits  (made  by  x-ray  lithography)  involve  radia¬ 
tion  environments,  further  investigation  of  these 
effects  is  in  order. 


9.1  -  9.13 


Review  of  X-UV  Lithography 
Size  Scales 

Basic  Sources  and  Methods 
Resolution  and  Absorption 
UV  and  X-Ray  Sources 
X-Ray  Masks  and  Resists 


“Ultraviolet  and  x-ray  lithography” 

D.J.  Nagel.  Meeting  held  21-22  April  1981,  Wash¬ 
ington,  D.C.  Proceedings  published  as  Ultraviolet 
and  Vacuum  Ultraviolet  Systems,  SPIE  Vol.  279, 
W.R.  Hunter,  ed.  Society  of  Photo-Optical  Instru¬ 
mentation  Engineers,  Bellingham,  WA 
(December,  1982),  pp.  98-110. 

This  well-organized  paper  on  X-UV  microlithogra¬ 
phy  is  an  overall  review  containing  numerous 
references  to  other  related  reviews  offering 
further  details.  Included  is  a  systematic  classifica¬ 
tion  of  basic  lithographic  methods  and  their  asso¬ 
ciated  exposure  sources.  A  didactic  approach  is 
taken  to  the  influence  of  the  absorption  processes 
and  the  properties  of  materials  on  the  attainability 
of  high  resolution  replication  in  resists.  A  wide 
variety  of  UV  and  x-ray  sources  are  portrayed. 
Works  on  x-ray  masks,  resists,  alignment 
methods,  and  the  development  of  x-ray  exposure 
systems  are  discussed  and  referenced. 
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10.1  -  10.10 


Capacitor  Tests:  TBS,  IBS,  CV, 
GV 

Transistor  Tests:  V,  n„  & 
slope,  swing 
Annealing  of  Effects 
Subthreshold  Leakage 


“Radiation  effects  introduced  by  x-ray  lithography 
in  MOS  devices” 

M  C.  Peckerar,  C  M.  Dozier,  D.B.  Brown,  D. 
Patterson,  D.  McCarthy,  and  D.  Ma.  IEEE  Trans. 
Nuc.  Sci.,  NS-29  (December,  1982),  pp.  1697- 
1701. 

Soft  x-rays  from  A1  and  Cu  x-ray  tubes  were  radi¬ 
ated  onto  MOS  capacitors  and  transistors  under  a 
broad  range  of  conditions  to  simulate  x-ray  litho¬ 
graphic  exposures  on  the  one  hand,  and  the 
operation  of  finished  devices  in  a  field  of  ionizing 
radiation  on  the  other.  The  MOS  structure^  were 
tested  for  numerous  effects,  including  threshold 
shifts,  shifts  under  various  combinations  and  lev¬ 
els  of  stressed  conditions  (temperature,  irradia¬ 
tion,  bias),  subthreshold  leakage,  etc.  Various 
annealing  regimens  were  applied.  Several  mea¬ 
surements  were  also  made  with  CoM  irradiations. 
It  is  concluded  that  the  effects  of  soft  x-ray  lithog¬ 
raphy  on  MOS  devices  are  at  a  sufficiently  low 
damage  level  to  accommodate  integrated  circuit 
technology,  provided  that  proper  design  changes 
and  modelling  are  introduced. 


11.1  -  11.6 


“Repetitively-Pulsed-Plasma  Soft  X-Ray  Source” 
D.J.  Nagel,  C.  M.  Brown,  M.  C'.  Peckerar,  M.  L. 
Ginter,  J.  A.  Robinson,  T.  J.  Mcllrath  and  P.  K. 
Carroll.  Applied  Optics,  23/9  (Mav,  1984),  pp. 
1428-33. 


10  Hz  X-Ray  Source 
Characteristics 
Target  Variations 
Laser  Parameters 
Resist  Exposure 


A  repetitively-pulsed  Nd  YAG  laser  (25  nsec 
pulses  up  to  0.8  Joule  each),  operating  at  up  to  10 
Hz,  was  focused  onto  a  variety  of  targets.  The 
behavior  of  the  laser  plasma  as  an  X-UV  source 
was  charted  over  several  dimensions  of  parameter 
variations,  both  laser-related  and  target-related. 
The  exposure  of  a  photoresist  was  performed  in 
20  minutes  by  150-184  eV  photons.  Improved 
exposure  times  with  excimer  lasers  is  predicted. 


12.1  -  12.34 


General  Review  of  the  Field 
Applications 

Elements  of  Lithography 
Engineering  Requirements 
X-Ray  Sources  Compared 


“Plasma  Sources  for  X-ray  Lithography" 

D.J.  Nagel.  Published  in  VLSI  Electronics:  Micro¬ 
structure  Science,  Vol.  8.  N.G.  Einspruch,  ed.. 
Academic  Press  (May,  1984),  Ch.  6. 

This  general  treatment  and  review  of  x-ray  lithog¬ 
raphy  begins  with  the  applications  of  the  manufac¬ 
ture  of  submicron  structures,  and  moves  onward 
through  an  orientation  to  lithographic  principles. 
The  powerful  advantage  which  x-ray  (compared  to 
optical)  lithography  holds  in  spatial  resolution  of 
the  replicated  pattern  is  discussed  in  the  context 
of  the  engineering  specifications  which  lead  to 
requirements  for  new  sources,  new  masks,  new 
mask  aligners,  and  new  resists  —  an  entirely  new 
lithographic  system.  X-ray  sources  are  compared 
by  type  (electron  impact,  synchrotron,  and  high 
temperature  plasma)  in  the  light  of  the  require¬ 
ments  of  microcircuit  production. 


13.1  -  13.4 


10  Hz  Nd  Laser  Exposures 
Advantages  over  Synchrotron 
Demonstrated 


“Soft  X-ray  Lithography  Using  Radiation  from 
Laser-  Produced  Plasmas" 

P.  Gohil,  H.  Kapoor,  D.  Ma,  M.  C.  Peckerar,  T.  J. 
Mcllrath  and  M.  L.  Ginter,  Appi.  Opt.  24  (July, 
1985),  pp.  2024-7. 

Exposures  of  COP  photoresist  were  made  to  full 
depth  in  one  hour,  with  x-rays  emitted  by  metal 
targets  placed  at  the  focus  of  a  Nd:YAG  laser 
operating  at  10  Hz  and  a  mere  6  Watt  average 
power.  Exposure  area  coverage  exceeded  that  of 
synchrotron  exposures,  as  did  exposure  unifor¬ 
mity. 


14.1  -  14.8 


Laser-Plasma  X-Ray  Lithography 
Status 

Engineering  of  Exposure  System 


“Laser-Plasma  Sources  for  X-Ray  Lithography" 
D.J.  Nagel.  Meeting  held  23-25  September  1985, 
Rotterdam,  The  Netherlands.  Published  in 
Microelectronic  Engineering  3  (Dec.  1985),  and 
reprinted  in  Microcircuit  Engineering  85,  North 
Holland,  Amsterdam,  The  Netherlands  (1985), 
pp.  557-  564. 

An  up-to-date  synopsis  of  the  status  of  characteri¬ 
zation  and  engineering  of  the  laser-heated  plasma 
source  for  x-ray  lithography. 


15.1  -  15.19 


Demonstration  Results  Reviewed 
Mask  Thermalization 
Perspective  on  Electrical  Tests 
Commercialization  Status 


“Laser  Processing  of  High-Tech  Materials  at  High 
Irradiance" 

R.R.  Whitlock.  Meeting  held  11-14  November 
1985,  San  Francisco,  CA.  Published  in  Proceed¬ 
ings  of  the  1985  International  Congress  on  Appli¬ 
cations  of  Lasers  and  Electro-Optics  (ICALEO 
85),  C.A.  Albright,  ed..  Laser  Institute  of  Amer¬ 
ica,  Toledo,  Ohio  (1  June  1985),  pp.  187-200; 
and  Naval  Research  Laboratory  Memorandum 
Report  5915. 

The  potential  importance  of  fine-line  lithography 
to  the  continued  growth  of  the  microelectronics 
industry  is  reiterated.  The  results  of  our  Technical 
Demonstration  are  reviewed.  The  possible  role  of 
thermal  equilibration  of  the  mask  and  its  pattern¬ 
ing  layer,  over  times  as  short  as  the  laser  pulse,  is 
pointed  out  for  the  first  time.  Comments  regard¬ 
ing  present  perspectives  on  the  meaning  of  electri¬ 
cal  tests  are  presented.  The  status  of  commerciali¬ 
zation  of  laser-plasma  X-UV  lithography  is  indi¬ 
cated. 


16.1  -  16.14 


“Lithographic  Techniques:  An  Overview" 
M.C.  Peckerar.  Unpublished. 


Introduction  to  Lithographic 
Methods 

Visible,  UV,  X-Ray,  e-Beam 
Resolution 
Depth  of  Focus 
Positioning  Accuracy 


The  basic  methods  employed  in  lithography  for 
integrated  circuitry  are  compared.  Three  basic  cri¬ 
teria  for  the  replication  of  fine  lines  are  resolu¬ 
tion,  depth-of-focus,  and  positioning  accuracy. 
The  influence  which  these  criteria  exert  is 
described  with  respect  to  the  choice  of  exposure 
source  (visible,  UV,  x-ray,  or  e-beam),  the  size  of 
the  instantaneous  exposure  field  (focused  pencil 
beam  vs.  areal  beam),  and  the  separation  distance 
between  the  mask  and  the  wafer  (contact,  proxim¬ 
ity,  or  projection). 


17.1  -  17.9 


“Generation  and  Use  of  Spontaneous  X-Ray 
Emission  from  Laser-Heated  Plasmas" 

D.J.  Nagel.  Meeting  held  2-4  June  1986,  Quebec 
City,  Quebec,  Canada.  Original  title  "Incoherent 
x-rays  from  laser-heated  plasmas,"  invited. 
Proceedings  published  as  High  Intensity  Laser 
Processes,  SPIE  Vol.  664,  Society  of  Photo-Optical 
Instrumentation  Engineers,  Bellingham,  WA  (21 
Oct.  1986),  pp.  142-150. 

Repetitive  Lasers  After  a  brief  introduction  to  the  various  types  of 

X-Ray  Beam  Line  x-ray  sources,  both  those  in  present  use  and  those 

Beam  Line  Applications  projected  for  the  near  future,  attention  is  turned 

to  repetitively  pulsed  lasers  and  their  integration 
into  laser-plasma  XUV  generation  systems.  The 
power  levels  of  available  repetitive  lasers  are 
graphed,  and  representative  irradiances  are  tabu¬ 
lated.  Recent  x-ray  emission  studies  are  cited, 
with  commentary  on  the  need  for  further  mea¬ 
surement.  Advances  are  noted  in  the  establish¬ 
ment  of  the  first  x-ray  laser  plasma  beam  line, 
which  includes  special  collection  optics.  Areas  of 
application  for  x-rays  from  such  laser  plasmas  are 
cited. 
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Pulsed  X-ray  Lithography 


D.J.  Nagel,  R.  E.  Pechacek,  J.  R.  Greig, 
R.  R.  Whitlock, 

U.  S.  Naval  Research  Laboratory , 
and  M.C.  Peckerar, 
Uestinghouse  Electric  Corporation 

presented  10-11  April  1978,  San  Jose,  CA 
SPIE  conference  on 
Developments  in  Microlithography 


Flash  x-ray  sources,  which  can  be  used  to  expose  photoresists,  offer  an 
alternative  to  the  steady-state  electron-impact  and  synchrotron  radiation 
sources  commonly  used  for  x-ray  lithography.  Of  the  many  pulsed  x-ray  devices*, 
laser-heated  plasmas  with  temperatures  in  the  10^-10^  K  range  offer  the  best 
hope  of  providing  practical  (i.e.,  production  line)  exposures.  We  have 
demonstrated  that  x-rays  with  energies  near  2  keV  produced  by  focusing  30  joule, 
40  nanosecond  Nd  laser  pulses  onto  Al  targets  will  expose  an  x-ray  resist  (PBS) 
on  Si  wafers  placed  behind  25  pm  Be  foils.  Capacitors  consisting  of  500  A  of 
dry-grown  Si02  covered  with  Al  field-plates  were  exposed  behind  similar  Be 
windows  at  the  same  time  as  the  resist.  They  showed  no  change  in  the  C-V 
characteristics,  indicating  the  absence  of  radiation  damage.  Some  Al  evaporated 
and  splattered  from  the  target  was  observed  on  the  Be  foils  which  were  placed  5 
cm  from  the  plasma. 

This  talk  will  describe  the  above  experiments.  Optimization  of  the  x-ray 
intensity  from  laser-produced  plasmas  will  be  discussed  in  detail.  Such 
information  is  available  from  on-going  laser  fusion  research.  Problems  with  the 
use  of  laser-plasmas  as  x-ray  lithography  sources  will  also  be  examined.  Target 
debris  and  rapid  heating  of  the  mask  are  major  concerns. 


*D.  J.  Nagel  and  C.  M.  Dozier,  SPIE  Vol.  97,  High  Speed  Photography 
(Toronto  1976)  p.  132-9. 


Rrpf m1*d  Iron*  SPH  Vot  136,  Developments  in  Semtcondoctot  Miciolithography  til.  1978 


LASER  PLASMA  SOURCE  FOR  PULSED  X  RAY  LITHOGRAPHY 

D.  J  Nagel,  R  R.  Whitlock,  J.  R.  Greig  and  R,  E.  Pechacek 

Naval  Research  Laboialory.  Washington.  0  C  20375 

M.  C.  Peckerar 

Westinqhousr  Electric  Corporation.  Baltimore.  MD  21203 


Abstract 

The  exposure  of  an  x-ray  resist  by  radiation  from  laser-heated  plasmas  was  recently 
lemonstrated .  Single-shot  submicrosecond  exposures  with  a  very  favorable  x-ray  spectrum 
are  possible.  In  order  to  reduce  the  cost  of  a  laser-plasma  x-ray  lithography  system,  it 
is  desirable  to  maximize  the  intensity  in  the  soft  (1  to  about  3  keV)  range.  The  x-ray 
output  of  laser-plasmas  depends  on  laser  pulse  parameters  (wavelength,  pulse  shape  and 
energy),  the  focal  conditions,  and  the  target  composition  and  geometry.  Laser-plasma 
x-ray  characteristics  and  their  sensitivity  to  experimental  parameters  are  reviewed  in 
this  paper.  Presently  available  information  indicates  that  a  Nd:glass  laser  having  pulse 
width  in  or  near  the  1-10  nsec  range  with  at  least  500  J  of  energy  should  be  adeguate  for 
practical  single-shot  x-ray  lithography. 


I.  Introduction 

X-ray  lithography  will  be  used  for  routine  replication  of  near-micron  and  submicron 
features  in  microelectronics  and  other  devices.  There  are  many  sources  which  can  be  con¬ 
sidered  for  x-ray  lithography.  However,  only  a  few  of  them  have  an  adeguate  combination 
of  the  characteristics  required  for  x-ray  lithography.  An  ideal  x-ray  source  for  lith¬ 
ography  can  be  described  as  follows: 

A.  Size  and  Emission  Direction:  The  source  should  be  small  (-T,  1  mm),  or  else  colli¬ 
mated ,  in  order  to  cast  sharp  shadows  through  a  mask. 

B.  Intensity:  The  source  should  require  an  exposure  time  of  no  more  than  one  minute 
and  preferably  much  less. 

C.  Spectrum:  The  x-ray  energy  should  exceed  about  1  keV  in  order  to  penetrate  the 
mask  support  but  should  not  be  much  harder.  This  maximizes  resist  absorption  and 
minimizes  damage  to  radiation-sensitive  structures. 

D.  Irradiated  Area:  The  source  should  be  able  to  uniformly  illuminate  several  mask- 
substrate  combinations  simultaneously. 

E.  Repetition  Rate:  The  turn-on  time  delay,  if  any,  should  be  shorter  than  the  time 
to  align  masks  and  substrates  and  place  them  in  position  for  irradiation. 

F.  Cost:  As  low  as  possible. 

Two  x-ray  sources  have  been  used  in  lithographic  research  in  the  past  five  years: 

(a)  line  and  continuum  radiation  from  electron  impact  on  solids  and  (b)  continuum  radiation 
from  electron  radial  acceleration,  i.e.,  synchrotron  rauiation.  Both  of  these  sources 
have  significant  drawbacks.  Electron-impact  (x-ray  tube)  sources  have  their  intensity 
limited  by  heat  dissipation  in  the  target.  Exposure  times  are  long,  usually  greater  than 
five  minutes.  Also  the  spectra  of  electron-impact  sources  have  a  hard  component  which 
tends  to  produce  radiation  damage  in  silicon  compounds.  Synchrotron  radiation  sources  are 
also  slow.  More  importantly,  they  are  very  expensive  and  not  readily  available. 

In  the  recent  past,  we  addressed  the  question:  Are  there  small,  bright  x-ray  sources 
which  are  suitable  for  pulsed  x-ray  lithoqraphy?  The  spectral  and  temporal  character¬ 
istics  of  flash  x-ray  sources,  which  are  qiven  in  Figure  1, provide  part  of  the  answer 
to  the  question.  It  is  seen  that  several  submicrosecond  sources  exist  and  some  of  then 
notably  plasma  sources,  have  desirable  spectra  (in  the  1-5  keV  range).  Of  these,  laser- 
heated  plasmas  appear  to  be  the  most  promising  because  they  are  small  and  very  bright, 
with  significant  energy  in  the  soft  x-ray  range.  The  repetition  rate  of  high-power 
lasers,  namely  a  few  shots  per  hour,  is  acceptable,  but  their  cost  is  a  major  question. 

In  order  to  demonstrate  the  technical  feasibility  of  x-ray  lithography  with  raiiition 
from  laser-heated  plasmas,  we  performed  a  series  of  trial  experiments.^)  wafers  coated 
with  polybutene-1 -sul fone  (PBS)  were  irradiated  with  x-rays  from  plasmas  produced  at  the 
focus  of  a  Nd  laser.  Mul t iolc-shot  exposure  was  required  because  the  available  laser  was 
not  optimum  for  x-ray  production.  t,i  nes  as  riro  as  7500  A  were  replica* eu  n  tf,c  PBS. 
Quantitative  x-ray  measurements  yielded  a  sensitivity  value  for  PBS  similar  to  tha*  ob¬ 
tained  with  a  steady  state  x-ray  sou tee.  Hence,  high- int ens l ty  reciprocity  loss  is  Pits 
does  not  appear  to  be  a  problem.  MOS  capacitors  were  also  exposed  P  x-rays  from  ‘he 
laser-heated  plasmas.  C’apae  i  t  ance-vol  tage  pio's  made  i.efore  and  after  x- :  r  r  a  i  i  a  f  l  ■  c  wi  n 


Almost  identical.  These  indicate  that  the  soft-x-ray  la.;er-pl asm 
negligible  substrate  radiation  damage.  ]n  b'lef,  the  w  irk  u  il.it  . 
exposure  of  resists  wit  h  radiation  from  laser-heated  pi  ism, is  i  pi 
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Fig.  1.  Plot  giving  the  pulse  length  and 
spectral  energy  of  electron- impact , 
synchrotron-radiation  and  high-temperature- 
plasma  flash  x-ray  sources. The 
electron  energy  (maximum  photon  energy)  is 
plotted  for  beam-target  sources. 
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Fig.  2.  Schematic  indication  of  the 
pulse,  focal  and  target  character¬ 
istics  which  influence  laser-plasma 
x-ray  emission. 


Problems  with  the  laser-plasma  source  for  x-ray  lithography  were  observed  during  the 
demonstration  experiments.  The  mask-substrate  combinations  were  placed  close  (5  cm)  to 
the  plasma  and  the  emission  region  is  oblong  (about  400  urn  diameter  parallel  to  the  target 
surface  and  600  urn  along  the  target  normal).  As  a  result,  penumbral  effects  were  evident 
and  they  were  different  for  lines  in  different  directions.  Also,  material  from  the  target 
was  found  on  the  mask  support.  Another  potential  problem,  not  measured  to  date,  is  rapid 
mask  heating  due  to  absorption  of  short,  intense  x-ray  pulses.  Work  is  in  progress  to 
clarify  and  alleviate  these  problems. (3» 


It  is  clearly  desirable  to  maximize  the  x-ray  output  of  laser-plasmas  in  order  to  make 
resist  exposures  in  a  single  shot  and  to  increase  the  plasma  to  mask-wafer  spacing.  The 
x-ray  emission  from  laser-heated  plasmas  depends  on  the  characteristics  of  the  laser  pulse 
how  it  is  focused  onto  a  target  and  the  target  characteristics.  These  parameters  are 
indicated  schematically  in  Figure  2.  The  laser  wavelength  is  fundamentally  important  to 
x-ray  generation.  The  temporal  and  spatial  variations  (shapes)  of  the  pulse  at  focus 
determine  the  fractional  absorption  of  the  laser  light,  and  hence  the  plasma  and  x-ray 
characteristics.  The  composition,  geometry  and  orientation  of  the  target  are  also  impor¬ 
tant.  This  paper  considers  which  combination  of  laser  and  target  parameters  yields  the 
best  intensity  of  x-rays  in  the  soft  x-ray  region  from  laser-plasmas.  Not  all  past  laser- 
plasma  x-ray  research  is  surveyed.  Our  aim  is  to  present  enough  data  to  make  clear  (a) 
which  parameters  are  relevant  and  (b)  their  effects  on  x-ray  yield.  The  next  section  (II) 
gives  a  general  description  of  the  characteristics  of  laser-heated  x-ray  sources.  Depend¬ 
ence  of  the  characteristics  on  laser  and  target  parameters  is  considered  in  the  following 
two  sections  (III  and  IV).  The  concluding  section  (V)  summarizes  the  desirable  and  the 
undesirable  qualities  of  the  laser  plasma  source  for  x-ray  lithography. 


II.  Laser-Plasma  X-Ray  Emission 

The  x-ray  characteristics  include  the  source  size,  pulse  length,  spectrum  and  intensity 
and  variations  in  these  factors  with  view  angle  (emission  direction).  Many  laser-plasma 
x-ray  measurements  have  been  made  in  recent  years  as  part  of  fusion-energy  research  pro¬ 
grams.  Sample  results  will  be  given  in  this  section  in  order  to  portray  the  general 
nature  of  the  laser-plasma  x-ray  source.  Attention  will  be  given  to  x-ray  emission  above 
1  keV  which  is  useful  for  x-ray  lithography.  We  will  not  review  the  instrumentation  and 
techniques  employed  for  plasma  x-ray  measurements.  There  is  much  information  already 
available  on  those  topics. 
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The  size4  of  tho  x-ray  emitting  riHimn  ir.  .1  1  us«  •  1  -b<  .it  *  ;  ;  1  1:.:  i  1:.  I  u  ;•  >  M11:.  • 

region  due  to  thermal  conduction  and  pluumn  blowoff.  lo-il  n  o*  •  i:.  j*1!/  *  1  i  i  ;u 

30  to  300  uni  range  lor  h  l  gh- 1  ompi  •  ru  t  u  i  t  plasnui  pr  1  Mu'*!  l'  n ,  wl;  .  ]  -  tf,..  in?.  .*■  y.  •  r  t  /  •  r 

C'onv.-s  from  a  region  up  to  ten  tim«*s  larger  parallel  t<>  1  *  ir  ;<  •  s,ir!  1  •  .  /.  «  « 1 

there  is  no  well-defined  limit  to  the  omitting  region.  4  ik*  i,  w :  ♦  h  ill  ;muv. 

10  nm)  or  high-resolution  (*-  10  un)  x-ray  mi*.:  ryseopi  :  »-v«  1  1  ;>*  r  r‘tur«-  1  m«-r  ♦he. 
focal  half-energy  diameter  for  Some  laser  beams.  ^  J  Intense  x-ray  <  ;r  :  on  a  .*11.  - 

from  a  region  about  1  mm  in  extent.  However,  use  of  hi  jfi  - « •  l  t  1  -  *  1  •  -ii*-- y  M;  i:t.  1'  w-:<  ' 

x-ray  imaging  instruments  shows  that  part  of  t  ho  emission  nn-.ir s  boyon  i  1  t*r  !  r  4  u* 

target  surface  in  some  cases.  The*  low- 1  nt  ens  1 1  y  region  is  usually  2  to  10  : 

(along  the  target  normal)  than  it  is  wide  (parallel  to  pi. mar  tar  jet  :;iri  i  ’<  .  Ir  in 
taken  with  fine  and  coarse*  pinholes  are  shown  in  Kigur*-  .  1  '  Th«-  extfnsiv*  1 

region  is  striking,  but  the  compact  and  intense  core  of  the  x-r  »/  source  is  :*oi»-  1  :* ;  o 
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Fig.  3.  X-ray  pinholc-camora  photographs 
of  the  A1  plasma  produced  by  40  nsec,  40  J 
Nd  laser  pulses  taken  with  25  urn  diameter 
(left)  and  1.15  mm  diameter  (right)  pin¬ 
holes.  The  target  surface  is  indicated. 


Ficj.  4.  Time  history  of  a  in  d  : 
laser  pulse  tnd  the  x-ray  or issio 
produced  when  focused  ont>  a  M:  t 


The  time-variation  of  laser-plasma  x-ray  emission 
rast  detectois,  some  with  response  times  appioachini 
closely- related  to  the  laser  pulse  length,  that  i ,  t 
:he  same  within  a  factor  of  about  three.  X-ray  omiss 
Laser  pulses  lasts  somewhat  longer  than  the  laser  pul 
rhis  is  especially  true  for  soft  x-rays  which  can  be 
<-ray  pulses  from  laser-plasmas  can  be  narrower  than 
tensity  is  very  sensitive  to  the  plasma  temperat 
irradiance  in  V»/rm-) .  For  low  laser  irradianee, 
intensity  to  be  recorded  except  near  the  peak  ot 
recurs  only  tear  the  laser-pulse  maximum  and  t hi 
laser  pulse-  t  ime.  An  example  of  such  behavior  l 


can 
1  P 

he 

ion 


be  re,1 
SeC . ( 8 ' 
FWIP4  Of 

t  MV  i 
iue  to 


*  1 


The 


t  ! 

la; 
t  h. 


eP  1  ! 
!  he 


re  ( 
*  he 
t  tie 
X-  1  a 
giv 


)  is--: 
h  i  c 


t.  i 
ray  j 
;  .lie 
1  •  1 1  e 

r.-el  .• 


1  s.  1  • 


1  ail. 


Ida 

pul 


i 


i  \ 


.  Tf 
c  i  s  .  i  <  -i 
IT!  lie 


it  . 
t  h. 


f.-t  ■  i  " 
i  *  x  -  i 


4  , 


:p 


-  .irui 


The 

t  t>i  w  i  r  1  ♦ r%  h«  ‘  i.-  i 
b-'b.'W  ‘i .  1  k--V  to 
i  o’i  i  /  it  i  <  »n  ippo.i 
lung.  : '  urh  i  -m  i  s 
Th<  *  r  <  ■  1  *  r»  vl:  ,11.1  1  1 

high  <‘ii<  u  g  i  <u. ,  •; 
j  • , ; i i  >1  ]  v  w i  Mi  i dim 
(MM 


t  i  nn-  l  nt  »*•; i 
(10)  *rfi€  •  r 
k 


it  -M 


it 


an 


»r> 


i  1  r  nr 
•  I  1  n< 
i  m-  •  r; 

i'll*  •  i 


x-  ra\ 
ur.u.i  1  1 
V  .  M.iny  1  i  ik*  !  i 
u»t  i  injur)  i  nl  i « *  t  i  » ui , 

1 . 1  .i :;p..i  cxr  i  t  .1 1  i  •  ui  o 
i  Ik  »v«  •  .i  tow  k*4  v  Ml 
i  n  ■  ■  >:<■•  •  .  ■  ?  )  'Ut  k«»V 

■.*  • ;  »  flu  ?  .  ?  1  .  i  1  i  •  r ,  >  i  ■  | 


•ir  t  t  yn  *  i  . 
in'  I'Mst  sol 

!  I  IP  ’  ell  1  •  -  I 
wlil.’l.  1  • 

:  t  Ik. -  Y 

]  i 

}f  > w <  . 

l  .  t  ;  I 


i  i  i  ■ 

i'-i  j:  ; 


F  i  g  1 1 1  • 


>b 


St’tf  Vnt  ( >rvr't, If 


\KI  MK 


PHOTOGRAPHIC  DENSITY 


LASER -PLASMA  SOURCE  FOR  PULSEO  X  RAY  LITHOGRAPHY 


The  total  x-ray  emission  can  be 

- -  1  obtained  by  integration  of  spectra,  or 

Q  by  use  of  broadband  (spectrally- 

-c  v  insensitive)  detectors . (30 )  Laser- 

^ \  plasma  x-ray  sources  can  have  high 

J  $  \  efficiency  for  x-ray  production  . 

\  j  Over  10%  of  the  incident  laser  energy 

jS>.iQ-2  \  J  can  be  emitted  as  x-rays.  (13, 10)  such 

■H  \  j  "up  conversion"  is  remarkable  in  its 

j  £  \  (  extent  (infrared  or  visible  radiation 

j  <75  \  is  changed  to  x-rays)  as  well  as  its 

\  efficiency. 

I  *“  \ 

j  ;  !  .  “  _4  \  The  emission  from  most  x-ray  sources 

,  j  I  |  "10  \  is  anisotropic  for  a  variety  of  reasons. 

I  ,  |  ?  The  same  can  be  true  of  the  laser-plasma 

wA/J  x  source.  Because  the  x-ray  emitting 

- i'c - in — J  n - J in ' an —  region  is  not  spherical,  it  appears  to 

^  u  have  a  cross  section  which  depends  on 

X-RAY  ENERGY(keV)  the  angpe  0f  view  (the  direction  of 

emission).  There  is  no  data  on  vari- 
Fig.  5.  X-ray  spectra  produced  by  0.1  nsec,  ations  of  the  x-ray  time  history  with 

15  J  pulses  incident  on  A1  as  measured  with  emission  direction.  However,  relative 

(a)  crystal  spectrograph ( 1 1 )  and  (b)  intensities  of  t ime- i ntegrated  spectra 

electronic  detectors.'  have  been  found  to  depend  significantly 

on  the  emission  angle. (14)  Variation 

in  the  integrated  x-ray  intensity  with  emission  angle  was  reported  also, (15)  although 
relatively  little  data  are  available.  The  dependence  of  total  x-ray  intensity  on  polar 
angle  (measured  with  respect  to  the  target  normal)  has  been  measured  for  plastic  and 
aluminum  targets.  (  14  ,  15)  Maximum  intensity  is  emitted  along  the  target  normal,  with  a 
decrease  (due  to  self  absorption  of  line  radiation  in  the  A1  plasma)  to  a  30%  lower  value 
at  45°.  There  is  one  report (16)  of  azimuthal  anisotropy  in  x-ray  emission  (relative  to 
the  laser  polarization  direction)  but  such  an  effect  was  not  found  in  other  work. (15! 

Ill 1 _ Laser  Pulse  and  Focal  Dependence 


It  would  be  desirable  to  know  how  each  1 aser-plasma  x-ray  characteristic  depends  or. 
the  laser  pulse  parameters  (wavelength,  pulse  shape  and  total  energy)  and  focal  parameters 
(lens  speed  and  target  position  relative  to  best  focus)  lor  a  wide  range  of  target  con¬ 
ditions  (compositions  and  geometries).  Although  several  measurements  of  x-ray  sensitivity 
to  laser  pulse  factors  have  been  male,  the  overall  picture  is  far  ’ rnm  complete.  We 
review  much  of  the  work  that  is  available,  with  emphasis  on  x-rays  in  the  soft  x-ray 
region.  There  are  a  few  measurements  for  most  of  the  relevant  parameters:  t  lie  laser  wave¬ 
length,  pulse  length  and  energy,  an)  the  lens-target  spacing.  Multiple  pulse  effects  will 
also  be  discussed. 
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cantly  for  laser-plasma  x-ray  studies.  Pule,  la 
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Fig.  6.  X-ray  conversion  fraction 
(emission  >  1  keV  into  2 rr )  for  2  J 
Nd-laser  pulses  incident  on  A1  targets 
as  obtained  by  extrapolation  of  data 
taken  at  several  pulse  lengths.!19) 


Fig.  7.  X-ray  conversion  fraction 
(emission  >  1  keV  into  2 tt )  for  40  nsec 
Nd-laser  pulses  incident  on  Al.!') 


If  the  peak  in  conversion  efficiency  vs  pulse  length  is  located  at,  say,  1  nsec,  the 
most  favorable  pulse  length  will  be  several  nsec  because  the  energy  which  can  be  extracted 
from  a  laser  increases  with  pulse  length.  That  is,  the  total  x-ray  intensity  (conversion 
fraction  times  laser  energy)  is  what  must  be  maximized. 


The  total  energy  in  a  laser  pulse  also  significantly  affects  the  x-ray  conversion 
fraction.  In  general,  increasing  the  laser  energy  on  target  increases  the  plasma  temper¬ 
ature  and  improves  the  x-ray  intensity.  The  x-ray  intensity  usually  varies  with  laser 
energy  as  En  where  n  is  2.5  to  3.0.  An  example  is  given  in  Figure  7.0)  However,  there 
is  a  limit  to  this  increase  when  the  plasma  is  hot  enough  to  strip  all  electrons  from  the 

atomic  shell  responsible  for  emission  in  the 
soft  x-ray  region.  Then  the  x-ray  output 
"  ~  !  saturates,  an  effect  which  has  been  ob¬ 

served!1®'  and  calculated .! 2®) 


The  variation  in  x-ray  intensity  with 
focus  (lens-target  spacing)  has  been  measured 
in  several  experiments.  Usually  the  intensity 
variation  has  a  single  peak  as  shown  in 

Finnre  R  (5)  Wnupup  r  in  Qlnrl  i  pc  ihp 


Figure  8.I9)  However,  in  some  studies,  the 
maximum  x-ray  intensity  was  not  found  at 
focus,  but  to  either  side  of  it.  The  cause 
of  such  variation  is  not  clear,  but  it  is  an 
easy  matter  to  experimentally  determine  the 
target  position  for  maximum  x-ray  output  for 
any  laser. 


Lens-Target  Separation  (mm) 


Fig.  8.  Variation  in  x-ray  intensity 
with  changes  in  the  lens- t argot  spacino 
for  the  laser  pulse  shown  in  Figure  4.'^) 


The  data  presented  in  this  section  were 
taken  with  single  laser  pulses.  Multiple 
pulse  effects  on  x-ray  production  have  been 
explored  in  only  a  few  experiments.  Some 
data  have  been  taken  with  .1  single  prepulse 
to  create  a  plasma  at  the  target  {trior  t  n 
arrival  of  t he  larger  main  pulse.  Although 
the  data  are  spare**,  it  appears  that  1  pre¬ 
pulse  increases  soft  x-r  ly  intensity  tor 
laser  pulses  of  about  1  nsec  or  shorter.  f  ^ ' 
However,  use  of  1  prepus le  ahead  of  a  40  nsec 
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laser-plasma  source  for  pulsed  x-ray  lithography 


pulse  decreased  the  x-ray  output. No  general  statements  can  be  made  now  about  what 
prepulse  spacing  and  magnitude  would  be  desirable  for  pulses  near  10  nsec,  which  might  bo 
optimum  for  x-ray  production.  Possibly,  a  prepulse  has  little  effect  for  such  a  pulse 

length . 


IV.  Target  Pep ende nee 


The  situation  concerning  dependence  of  laser-plasma  x-ray  intensity  on  target  composi¬ 
tion  and  geometry  is  similar  to  that  for  the  laser  pulse  and  focal  characteristics.  Again, 
a  great  deal  of  work  remains  to  be  done  although  some  significant  effects  have  already  been 
discovered.  The  measured  dependence  of  soft  x-ray  intensity  on  target  composition  will  be 
given  in  this  section.  Target  geometry  effects  will  also  be  discussed. 


20 


Most  work  in  which  the  target  composi¬ 
tion  was  varied  was  done  for  thick  planar 
targets.  In  the  first  study,  a  Nd  laser 
was  used  at  10^4  w/cm2.  A  stronq  atomic 
number  (Z)  dependence  was  found.  Sub¬ 
sequent  studies,  done  with  ruby  and  CO2 
lasers,  confirmed  the  oscillatory  behavior 
of  x-ray  output  with  z.  Smooth  curves 
drawn  from  the  results  of  the  Nd  and  ruby 
laser  work  are  given  in  Figure  9.  -phe 

difference  in  laser  wavelength  (1.06  vs 
0.69  um)  is  not  as  significant  as  the 
irradiance  and  temperature  differences. 

In  both  cases,  maxima  occur  when  the 
'binding  energies  of  the  atomic  shells  (K, 

L  and  M)  are  properly  matched  to  tin- 
plasma  electron  energies  (temperatures). 
The  higher  irradiance  yields  a  higher 
temperature  and  the  peaks  are  at  higher  Z 
values.  More  important,  the  maxin.um  con¬ 
version  fraction  into  2n  is  about  10'1  for 
the  higher  temperature  and  10~-“  for  the 
cooler  plasmas.  There  is  a  clear  need  to 
choose  the  correct  target  as  well  as  the 
best  laser  pulse  and  focal  conditions  in 
order  to  optimize  x-ray  output. 
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Most  x-ray  studies  are  done  with  the 
laser  pulse  normally  incident  on  a  planar 
target.  Non-normal  incidence  is  not  ex¬ 
pected  to  yield  higher  x-ray  intensity, 
although  no  x-ray  data  as  a  function  of 
incidence  angle  is  available.  There  is 
some'  work  with  thin  and  layered  planat 
targets,  but  none  of  it  indicates  an 

increase  in  x-ray  intensity  due  to  using  a  foil  or  multi-layer  target.  Many  x-ray  mo-imin 
merits  have  been  made  for  mass- 1 imi ted  disc  or  spherical  targets.  Reduction  of  lateral 
energy  transport  should  yield  a  hotter  plasma  and  mote  x-ray  emission. 


Fig.  9.  Atomic-number  dependence  of  x-ray 
intensity  above  1  keV  for  1012  W/cm2  (topi 
and  1014  W/cm2  (bottom).!22’ 


There  is  little  x-ray  information  or.  the  effects  of  focusinu  the  laser  pulse  into  t  t:  n 
indentations.  The  x-ray  spectrum,  obtained  by  shooting  into  a  crater  from  the  previ  a-, 
shot  was  somewhat  more  intense  than  that  from  irradiation  of  the  planar  surfi.  1  '  1  Th¬ 

us  £•  of  tar-gets  with  conical  in-Jcnhit  ions  v.-il  !<■  1  hi  (h  density  plasmas  which  sho-i!  !  !- 
intense  x-ray  emitters,  but  no  comparison  of  x-ray  intensity  f  r  >n  conical  ml  pla-iat 
targets  was  reported  in  that  w-oik.’2* 
but  ion  ot  x-rays  f ror.  indented  t  irgets. 


is  there  ii.f- 


on  th¬ 


an  .  ■  1  i  .1  r 


'one  1  us  1  on 


The  wo  r  k  s  umm.  1  r  1  /e  I  1  bo  v  -  ■  show-,  that  t  he  1  i-h-i  -[-l.i.ir.  i  >:  -  •  1  -.  >  i  r ,  -  -  ■  has  pi,  -  - .  ' 

character  is*  igs  desirable  f-,r  x-ray  1  1  t  hog  1  apt,.  ,  1  lis*.  !  1 -.  •  --to. 

The  ros'  . . l-/-ep.,t'  n-i  r--  1  .on  !  (,-  1  1  •  r  -  h-  1  •  ■  !  •  1  1  .-  1  1  .  1:  i<  !  r:  i  • 

is  possible  to  obtain  as  rp-h  \  abu  i-  1  u  .  1  |  .  x-t  1.  it,  •  y  , 

of  planar  tar  wher.-  1  1  s  j  ,  1  -  .  g-  i . 

p-,-  ,  .1  r  -  '  j  i  pul  yb  -  *  <  -n-  --  1  -  s  1 1  :  on-  x  -  r  1  .  r  -  -  ■ ,  1  - .  -  ,  w' .  1  ■  -  .  -1  ■■  - 

y.-tiy  1  r.t  •  nr.l  •  y ,  it  .1  !  1  ii„  -  ot  '  ••  '  r  -  ,  •  •  *.-•  1  1  1  -  ,  ,  w  .  :  :  :  ■  :  .  ;  t  -  1 

‘  t*.  1  : 1  i  1*  1  | .  . .  '  -  w  i  j  -  h  p  r  - , 1 ,  1 1, 1  .-  i  r ,  ■  ■  i  -  1 1  -  -  ■  1  -  :  1  X  ,  -  •  1 

■  ••  r  •  i  :-  •  1  1  1  ‘  ,  or,  ,  1  •  .1  :  I . -  ;  ■  ,  •  r  •  1  .  i  •  ,  -  ,  .  •  i :. ■  ■  , 

in;  -r.  '  u-  ■  I  Hi--  :-a  r  -w  i-  ■  •  i  1  ,::■■■  •  ■  i-  . 


\KI  MR  s' H 


tr  /  ,  *  .  *  .  «  ,  «  _  »  _  -  -  •’  «  ,  • 

Q-.W 


-jfr-A  ^vu-  .  :  l-vi-  V_  uv-.  V  u-  .  . 


LASER  PLASMA  SOURCE  EORPUlSEO  X  RAY  LITHOGRAPHY 


14.  Chase,  1..  F.,  ot  al.,  Appl.  Phys.  Lottors,  10  ,  1  17  (  1  977). 

15.  Violet,  C.  K.  anti  Potruzzi,  .1.,  .1.  Appl.  Phys.,  48  ,  4984  (  1  977). 

16.  Krokhin,  O.  N.,  ot  al.,  JKTP  I.ot tors,  20,  105  (1974). 

17.  Enriqht,  C.  n.  ,  Purnott,  N.  11.  anti  Richardson,  M.  r.,  Appl.  I’hys.  Letters, 
494  (1977). 

18.  Loo,  P.,  ot  al.,  unpub 1 l shod . 

19.  Whitlock,  R.  R.,  ot  al..  Bull.  Am.  Phys.  Soc .  22,  1119  (1977). 

20.  Whitnoy,  K.  G.  and  Davis,  .1 . ,  Appl.  Phys.  Lottors,  24,  609  (  1974  ). 

21.  Gro  i  q  ,  .1 .  R .  ,  No.*  -1  ,  IT.  d  .  and  Wh  1 1  I  or  k  ,  R  .  R  .  ,  unpublished. 

22.  Bleach,  R.  D.  and  Naqel,  D.  .1.,  J.  Appl.  Phys.,  Juno  1978. 

21.  Naqol,  D.  J.  anti  Whitlock,  R.  R.,  unpublished. 

24.  Boiko,  V.  A.,  ot  al.,  JKTP  Lottors,  20,  50  (1974). 

25.  McMahon,  J.  M.  ,  private  commun i cat  ion . 

26.  At  l  ja ,  S.  anil  Siqel,  R.,  Max-Planck- 1  nst  i  tut  fiir  Plasma  Physik  Report  IV/81 
(March  1975) . 

27.  Grew,  ■  R-  and  Poehacok,  R.  K.  ,  J.  Aj>pl  .  Phys.,  48,  596  (19771. 

28.  Bleach,  R.  P.  and  Naqol,  D.  J.,  unpub l i shod . 


*\  ■  -*r  ■  ■■  '  ’  M 


;  s 


\V1  MV 


HIGH  SPEED  X-RAY  LITHOGRAPHY  WITH  RADIATION  FROM 
LASER-PRODUCED  PLASMAS 

M.  C.  Peckerar,  J.  R.  Greig,  D.  J.  Nagel 
R.  E.  Pechacek,  R.  R.  Whitlock 

Westinghouse  Electric  Corp.  Baltimore,  MD  21203 
U.  S.  Naval  Research  Laboratory,  Washington,  D.C.  20375 

I.  INTRODUCTION 

X-ray  lithography  offers  the  possiblility  of  replication  of  micron- 
scale  features  without  the  diffraction  and  multiple  reflection  effects  associated 
with  UV  radiation  or  the  scattering  effects  present  in  electron-beam  exposures. ^ 
Until  recently,  electron- impact  and  synchrotron-radiation  sources  were  the 
only  serious  contenders  for  x-ray  lithography  exposures.  However,  a  wide 
variety  of  pulsed  x-ray  sources  are  available.^  It  was  shown  recently  that 
short  pulses  of  x-rays  from  laser-heated,  million-degree  plasmas  could  ex¬ 
pose  an  x-ray  resist  with  neglibible  reciprocity  loss  and  substrate  radiation 
damage. 3  That  development  required  attention  to  both  optimization  of  x-ray 
intensity  from  laser  plasmas  and  problems  associated  with  use  of  the  laser 
plasma  source  for  x-ray  lithography.  Maximization  of  x-ray  intensity,  which 
depends  on  laser  pulse  characteristics  (wavelength,  pulse-width  and  energy), 
focusing  conditions,  target  composition  and  geometry,  was  reviewed  in  a  recent 
paper. ^  The  purpose  of  this  paper  is  to  review  the  difficulties  which  may 
arise  in  routine  use  of  laser-plasmas  for  replication  and  to  present  methods 
of  overcoming  these  difficulties.  Premature  laser-target  interaction,  debris 
from  the  target,  mask  heating  and  resist  sensitivity  are  treated  in  successive 
sections  after  the  highlights  of  recent  pulsed  x-ray  lithography  measurements 
are  reviewed. 

II.  SUMMARY  OF  EARLIER  EXPERIMENTS 

A  Nd:glass  laser  with  a  40ns  pulse  was  used  (see  Figure  1).  The  total 
laser  light  output  possible  with  the  system  employed  is  100  Joules.  However, 
laser  target  interaction  (to  be  discussed  below)  limits  the  actual  power  which 
could  be  placed  on  target  to  1/3  this  value.  The  laser  light  incident  on 
target  heats  the  target  material  (in  this  case  aluminum)  to  about  three  million 
degrees  Kelvin.  A  plasma  of  free  electrons  and  ions  is  produced.  X-rays  are 
emitted  as  a  result  of  collisions  between  different  charge  species  in  this 
hot  plasma.  The  x-ray  spectrum  contains  both  line  and  broad-band  continuum. 

For  the  aluminum  target  case,  about  90%  of  the  x-ray  energy  is  in  an  aluminum 
K-line  at  1.6keV.  The  broad  band  continuum  occurs  mostly  in  the  subkilovolt 
region  and  is  easily  filtered  with  a  25um  beryllium  foil.  The  region  of 
Intense  x-ray  emission  (as  determined  by  pin-hole  pictures)  appears  to  be 
a  circle  of  about  0.4mm  when  viewed  face-on  to  the  target.  The  emission  re¬ 
gion  extends  0.6  m  In  a  direction  normal  to  the  surface.  The  plasma  x-rays 
are  emitted  in  a  pulse  with  a  FWHM  of  15nsec. 

With  30  Joules  of  laser  light  Incident  on  target,  we  have  been  able  to 
completely  expose  polybutene-l-sulf one  (PBS)  behind  25um  Be  in  60  laser 


shots.  A  relief  image  (recorded  in  PBS)  of  a  gold  pattern  on  25um  beryllium 
is  shown  as  Figure  2.  The  mask  was  5  mils  from  the  wafer  and  the  mask-to- 
source  distance  was  5cm.  Penumbral  blurring  due  to  the  asymmetric  source  spot 
is  evident  and  will  be  discussed  in  the  next  section.  C-V  dot  radiation  moni¬ 
tors  run  during  a  resist  exposure  show  little  radiation  effect  (see  Figure  3). 
This  is  probably  due  to  the  absence  of  high  energy  continuum.  The  amount  of 
x-ray  energy  incident  on  the  mask  was  determined  with  a  PIN  detector  placed 
in  the  target  chamber.  Five  J/cm^  were  needed  to  obtain  exposure  of  PBS. 

This  compares  favoribly  with  the  fourteen  J/cm^  published  value^  and  indicates 
no  reciprocity  loss. 

With  the  present  laser  system,  a  fairly  long  time  is  required  to  produce 
60  pulses.  Five  minute  rod  cooling  times  are  needed  between  shots.  But,  by 
reducing  the  pulse  length  to  the  range  between  5  and  10ns,  conversion  efficiencies 
of  laser  light  to  x-ray  energy  which  are  greater  than  10%  are  possible  (com¬ 
pared  to  the  0.3%  efficiency  of  the  present  system).  It  should  be  possible 
to  expose  PBS  with  a  single  shot  if  the  laser,  focusing  and  target  parameters 
are  chosen  properly.^ 

1.  SOME  PROBLEMS  WITH  LASER-PLASMA  X-RAY  LITHOGIAPHY 

A.  Laser-Target  Interactions 

High-power  lasers  generally  consist  of  an  oscillator  in  which  a  pulse 
is  produced,  commonly  by  Q-switching . ^  The  pulse  is  then  sent  through  one 
or  more  amplifiers  before  being  focused  on  to  the  target.  In  normal  operation, 
the  oscillator,  amplifier (s)  and  target  do  not  communicate  with  each  other 
save  for  single  pulse  generation,  amplification  and  use.  The  cause,  effects 
and  cures  of  unwanted  interactions  between  laser  components  and  the  target 
are  described  in  this  section. 

In  the  demonstration  experiments  described  above,  the  target  was  an  al¬ 
uminum  rectangular  slab.  The  slab  was  tilted  so  that  specular  reflection 
could  not  send  radiation  back  to  the  laser.  But  a  "rough"  aluminum  surface 
can  be  a  good  diffuse  reflector.  Then  as  much  as  5%  of  any  radiation  coming 
from  the  laser  can  be  reflected  back  to  it  by  the  aluminum  target.  If  this 
happens,  the  laser  can  be  considered  as  consisting  of  three  interacting  cav¬ 
ities  -  Figure  4.  The  oscillator  cavity  contains  the  reflecting  prism,  the 
oscillator  rod,  a  set  of  polarising  plates,  a  Pockels  cell  (1)  and  the  sapphire 
output  mirror.  What  we  call  the  external  cavity  contains  the  other  side  of 
the  sapphire  output  mirror,  a  second  Pockels  cell  (2),  a  set  of  polarising 
plates,  the  two  amplifier  rods,  the  focusing  lens,  and  the  aluminum  target. 

The  third  cavity  is  the  combination  of  these  two  cavities.  While  the  laser 
rods  are  being  pumped,  the  Pockels  cells  are  stressed  (electrically)  so  that 
they  act  as  *tX  plates.  Thus  both  cavities  are  prevented  from  lasing.  However, 
as  the  population  inversion  rises,  the  small  signal  gain  in  the  amplifier  rods 
(length  82cm)  becomes  so  large  that  even  a  few  percent  reflection  from  the 
target  is  sufficient  to  over-ride  the  Pockels  cell  -  polarizing  stack  com¬ 
bination  (rejection  ratio  '10  .1)  and  produce  net  gain  in  the  combined  cav¬ 
ities.  Such  interaction  can  cause  weak  "normal  mode"  prelasing  to  occur  as 
much  as  50usec  before  the  desired  giant  pulse  output.  The  subsequent  giant 
pulse  is  very  small  and  the  x-ray  yield  negligible.  With  somewhat  less  re¬ 
flection  from  the  target  '  1%)  such  pre-lasing  does  not  occur.  But  once  the 
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Pockels  cells  are  opened  (presently  almost  simultaneously)  the  three  different 
cavities  all  begin  to  avalanche.  Under  normal  operating  conditions  and  with 
no  relections  from  tie  target,  the  oscillator  cavity  takes  -150ns  to  produce 
its  output  pulse.  During  this  time,  and  because  of  the  large  gain  in  the 
amplifier  rods,  pulses  also  grow  both  in  the  external  cavity  and  in  the  com¬ 
bined  cavity.  The  growth  is  due  to  the  fact  that  the  single  pulse  transit 
time  of  the  combined  cavity  is  -65ns  (i.e.,  the  distance  from  the  retro-prism 
in  the  oscillator  cavity  to  the  target  is  ~65  feet).  The  resultant  output 
pulse  from  the  oscillator  is  a  combination  of  two  or  even  three  pulses  coming 
from  the  different  cavities,  which, although  amplified  non-linearly  in  the 
amplifiers  (the  first  peak  sees  greatest  gain), still  results  in  a  broadened 
output  pulse  with  a  slower  rise  and  greatly  reduceo  x-ray  yield.  In  both 
cases  the  total  energy  in  the  laser  output  pulse  remains  about  the  same  as  in 
the  normal  Q-switched  output  but  thepower  density  achieved  at  the  target  and 
the  x-ray  yield  are  much  lower. 

Typical  laser  output  pulses  for  a  normal  laser  output  pulse  are  shown 
in  Figure  5A  and  those  from  a  pulse  showing  small  laser-target  interaction 
are  shown  in  Figure  58.  A  reduction  of  about  51 »%  in  the  laser  output  is  seen 
to  eliminate  almost  all  of  the  x-ray  output  (as  measured  with  a  PIN  diode). 

Laser-Target  interaction  can  be  controlled  by  a  combination  of  techniques 

i)  If  the  laser  is  placed  far  enough  from  the  target  (-200  feet)  small 
interactions  cannot  affect  the  laser  output. 

ii)  Simply  delaying  the  opening  of  Pockels  cell  in  the  external  cavity 
reduces  the  interaction  of  the  cavities  but  is  not  very  effective. 

iii)  Using  optically  polished  targets  eliminates  diffuse  reflections. 

iv)  Using  anodized,  sand-blasted,  aluminum  targets  removes  both  specular 
and  diffuse  relections. 

v)  Insertion  of  a  Faradav  rotator  and  polarizing  plates  between  the 

target  and  the  laser  (Figure  4)  eliminates  laser-target  interaction 
by  rotating  the  plane  of  polarization  of  the  radiation  returning 
through  the  Faradav  rotator  so  that  it  is  reflected  at  the  polarizing 
plates. 

In  our  case,  not  having  a  Faraday  rotator, end  before  realizing  the  im¬ 
portance  of  target  surface  treatment,  1 aser-r ur ,  t  interaction  was  controlled 
by  limiting  the  laser  energy  itn  i.ient  on  th<  '  ‘  get  to  1  1  the  laser  output 

energy.  This  was  of  course  verv  wasteful  hut  did  allow  us  to  demonstrate 
pulsed  x-ray  lithography.  Now  we  have  t-v:  that  target  sort  a.,  e  treatment 

i.e.,  sand  blasting  and  anodizing,  ra.iint.iuis  the  >  harao  t  er  i  st  i  aluminum  x-ray 
emission  but  eliminates  laser- target  cat  o  a-  t  ion .  VI 5  *  L  higher  powered  iaset  s 
necessary  for  single  pulse  exposures ,  t  hese  sur'a  «•  1 1  eatrri;!  s  will  p  rob  ah  I  v 
have  to  be  combined  with  a  Faradav  r  'at  i,ei  sv  ■ 
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masks  if  care  is  not  taken.  Only  a  small  amount  (-a  few  Z)  of  the  material 
removed  from  the  target  is  ablated,  as  vapor,  during  the  laser  pulse.  The 
rest  leaves  the  target  as  liquid  material  much  later  as  the  million-degree 
plasma  dissipates.  For  thick  targets  the  liquid  ejecta  is  confined  to  a  cone 

about  the  normal  to  the  target  surface.  The  setup  used  to  measure  the  dir¬ 
ection  of  ejected  liquid  is  shown  in  Figure  6.  The  distribution  obtained 
with  A1  target  in  10  shots  is  given  in  Figure  7.  A  well-defined  cone  with 
a  half  angle  of  55°  was  found.  The  obvious  way  of  minimizing  debris  damage 
is  by  keeping  the  mask  away  from  the  main  stream  of  ejected  liquid  material. 

The  amount  of  ejected  liquid  is  minimized  by  the  use  of  high  melting  point 
targets.  We  have  also  found  that  by  using  thin  aluminum  targets  (-500pm)  the 
x-ray  yield  is  maintained  but  most  of  the  liquid  debris  from  the  target  is 
ejected  through  the  target,  i.e.  away  from  the  substrate-mask  assembly.  This 
situation  is  illustrated  in  Figure  8  using  a  polyethylene  sheet  target  0.5am 
thick.  The  small  amount  of  material  ablated  from  the  target  during  the  laser 
pulse,  which  is  inevitably  emitted 'on  the  mask  side  of  the  target,  can  then 
be  kept  from  the  mask  by  using  a  thin  film  of  beryllium  or  a  light  plastic 
sheet  in  front  of  the  mask.  This  combination  of  techniques  will,  we  believe, 
eliminate  the  problem  of  target  debris. 

C.  THERMAL  RESPONSE  OF  MASKS 

The  heating  of  masks  by  x-ray  energy  absorption  is  potentially  undesirable 
for  long  exposures  with  conventional  sources.  Heating  can  cause  small  dimen¬ 
sional  changes  and  deformation.  Thermal  cycling  may  lead  to  separation  of 
the  absorbing  material  (Au)  in  a  mask  from  the  substrates.  Such  mask  degrada¬ 
tion  may  be  serious  for  pulsed  sources  in  which  energy  is  deposited  in  a 
time  short  compared  to  thermal-conduction  times. 

A  schematic  of  an  Au-on-Be  x-ray  mask  is  given  in  Figure  9.  The  maximum 
deposition  and  temperature  will  occur  at  the  surface  of  each  material.  The 
absorbed  energy  (J)  per  unit  area  (A)  in  a  thin  surface  layer  (6)  can  be  written: 

j  ^  (1  -  Exp  (-p<$)}=  ^  pfi  (a) 

where  E  is  the  Incident  energy.  From  the  equation  which  relates  J  to  specific 
heat  (C)  and  Temperature  rise  AT,  we  have  J  -  MCAT  -  pA6ATC  (b) 

where  M  is  the  absorber  mass  and  p  its  density. 

Hence, 

41  -  (c) 

w 

where  (p/p)  is  the  commonly- tabulated  x-ray  mass  absorption  coefficient. 

2 

To  expose  PBS,  about  20mJ/cm  of  1.5  keV  radiation  incident  on  the  mask 
is  required.  Table  I  gives  the  numerical  values  of  constants  and  results 
of  using  these  values  in  equation  (c) .  The  Be  temperature  rise  will  be  greater 
than  the  x-ray  -  induced  value  in  Table  I  due  to  UV  absorption,  but  this  is 
not  expected  to  be  a  problem. 


Table  1:  Mask  Heating  by  Pulsed  Sources 


Be 

Cr 

Au 

^  @  1.5keV  (  —  ) 

(a) 

181 

2720 

2300 

p  gm 

Density 

1.845 

7.18 

19.29 

Transmission 

0.43 

0.96 

0.05 

E/A  (mJ/cm^) 

20 

8.6 

8.3 

C(J/gm  deg) 

(b) 

1.67 

0.46 

0.125 

AT  (°C) 

2.16 

50.8 

152.7 

a  (deg  -1)  x  1C6 

(b) 

12.3 

6.8 

14.3 

AL/L  -  oAT 

2.66  x  10'5 

3.45  x  10_A 

2.18  x  10 

(a)  U.  J.  Veigele  in  "Handbook  of  Spectroscopy,"  Vol.  I,  CRC  Press 
Cleveland,  Ohio  1974 

(b)  CRC  Handbook  of  Chemistry  and  Physics,  CRC  Press,  Cleveland,  Ohio 
1977. 

The  preferential  heating  of  the  absorbent  Au  is  clear  from  the  tabulated 
figures.  The  resulting  expansion,  over  6  times  that  of  the  Cr  layer,  could 
lead  to  separation  at  the  Au-Cr  Interface.  These  calculations  Indicate  the 
need  for  experiments  to  determine  the  response  of  x-ray  masks  to  rapid  and 
repeated  thermal  cycling.  However,  the  heating  effect  is  not  strong  enough 
to  seriously  degrade  resolutions  of  fine  line  structures.  At  most,  a  two 
micron  Au  line  will  swell  5Q&  when  heated  the  153°C  by  the  pulse. 

D.  SHORT  PULSE  EFFECTS  IN  THE  RESIST 

Finally,  let  us  consider  the  response  of  the  resist  to  pulsed  x-rays. 

Two  problems  may  arise  in  this  area.  First,  we  may  see  a  change  in  sensitivity 
due  to  the  rapid  energy  deposition  (reciprocity  failure).  This  was  not  true 
with  pulses  as  short  as  40ns.  The  development  curve  for  the  resist  under 
pulsed  conditions  (see  Figure  10)  compares  favoribly  with  that  obtained  by 
steady  state  sources.^  For  single  shot  exposures  of  PBS,  however,  5ns-10ns 
pulses  are  required.  Recipriocity  must  still  be  determined  for  these  pulse 
lengths.  Second,  heating  of  the  x-ray  resist  must  be  considered.  From  the 
above  discussion,  it  was  shown  that  heating  is  directly  proportional  to  x-ray 
absorption  coefficient  (u)  in  the  film.  A  similar  calculation  to  that 
performed  above  indicates  (for  PBS)  a  5  C  temperature  rise  is  possible  for 
single-shot  5ns  exposures.  This  is  negligible. 


V.  CONCLUSION 


To  conclude,  the  following  potential  problems  in  laser-pulsed  x-ray 
lithography  were  discussed: 

a)  Laser-target  interaction 

b)  Debris  damage 

c)  Mask  Heating 

d)  Short-pulse  resist  effects 

All  of  these  appear  to  be  controllable.  Unwanted  laser- target  interaction 

can  be  reduced  by  a  combination  of  surface  treatments  and  optical  isolation. 
Debris  damage  can  be  essentially  eliminated  by  the  use  of  thin  targets,  pro¬ 
per  mask  placement  and  a  thin  debris  Bhield.  Mask  heating  will  not  cause 
resolution  degradation  and  we  have  observed  no  reciprocity  failure  for 
40ns  pulses. 
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Figure 


Caption 

Experimental  Set-Up  of  the  Laser  Plasma 
X-Ray  Exposure  System. 

Relief  Image  in  PBS  Showing  1.5pm  Lines 
and  0.75pm  Spaces  Exposed  with  X-Rays 
From  Laser  Heated  Plasmas. 

C-V  Plots  Taken  Before  and  After 
Exposure  to  Laser-Plasma  Generated  X-Rays 
Negligible  Platband  Shift  is  Evident. 

Schematic  of  Laser  Illustrating  Various 
Laser  "Cavities".  The  25%  Sapphire 
Mirror  is  Common  to  Both  Cavities. 

Oscilliscope  traces  showing  laser 
diagnostics  (the  fluorescence  diode 
measured  the  fluorescence  radiation 
from  the  oscillator  rod.  The  fast 
diode  recorded  the  laser  pulse  from 
the  oscillator  rod  and  the  visible 
diode  measured  the  output  laser  pulse 
at  the  target  chamber  and  the  x-ray 
pulse  width  within  the  chamer  was 
recorded  in  the  PIN  diode) .  Figure 
5a  shows  normal  operation. 

Shows  reduced  laser  output  and  almost 
no  x-ray  intensity  due  to  premature 
laser-target  interaction. 

Schematic  of  Debris  Distribution 
Experiment- 

Debris  Distribution  on  the  Glass  Slide 
from  a  Thick  A1  Target. 

Shadowgram  of  Debris  Emission  From  0.5mm 
Polyethylene.  For  Thin  Films,  the  Debris 
is  Shot  Out  to  the  Rear,  Away  From  the 
Wafer,  Without  Affecting  X-Ray  Output. 

Schematic  of  Au  on  Be  Mask. 

The  Development  of  Curve  for  PBS.T 

is  the  Post  Development  Thickness 

( 3  500X)  .  I  is  5  joules/cm-^. 
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Figure  5b 
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Lithography  and  High- Resolution  Radiography 
with  Pulsed  X-Rays 
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X-rays  from  lascr-hcatcd  plasmas  can  expose  photoresists  in  less  than  a  microsecond 
Plasma  emission  above  l  keV  is  polenlialls  applicable  to  routine  replication  of 
microelectronics  and  other  masks  by  X  -ray  lithographic  techniques  Intense  subkilovolt 
radiation  from  laser  plasmas  should  also  be  useful  for  single-shot  recording  of  high 
resolution  radiographs  of  biological  materials 


§1.  Introduction 

Microelectronic  circuits  are  produced  hy 
replication  of  a  pattern  (mask)  through  the 
use  of  thin,  grainless,  polymer  films  sensitive 
to  ultraviolet  radiation  Production  of  line 
widths  below  about  I  //m  in  microcircuits 
requires  X-ray  (or  focused  electron)  exposures 
in  order  to  avoid  photon  diffraction  effects 
X-ray  lithography  is  an  active  field  of  research 
at  present." 

X-ray  radiographs  are  usually  made  with 
photographic  emulsions,  although  xerographic 
and  other  techniques  can  be  used  Recently, 
the  polymer  resists  developed  for  lithography 
were  used  to  record  high-resolution  (l()0  A) 
radiographs  2'  Instead  of  the  usual  pattern 
of  varying  photographic  densities,  use  of  an 
X-ray  resist  to  record  radiograph-  leads  to  a 
surface  with  relief  dependent  on  the  X-ray 
absorption  of  the  object  which  is  placed  on 
the  resist.  The  profile  is  viewed  in  a  scanning 
electron  microscope  High-resolution  radio¬ 
graphy  is  often  called  X-ray  microscopy  " 

Steady-state  electron-impact  (X-ray  tube) 
and  pulsed  synchrotron-radiation  (storage  ring) 
sources  have  been  used  to  expose  X-ray  resists 
Of  these,  electron-impact  sources  are  preferable 
for  production-line  device  replication  because 
synchrotron-radiation  sources  of  X-rays  are 
expensive  and  few  in  number  However,  due 
to  their  collimated  output,  the  synchrotron- 
radiation  sources  are  preferable  for  high- 
resolution  radiography  In  the  recent  past, 
exposures  of  resists  with  intense  pulses  of 


soft  X-rays  from  laser-heated  plasmas  were 
reported  4  " 

This  paper  first  summarizes  the  available 
information  on  resist  exposure  with  pulsed 
radiation  from  laser-heated  plasmas  Then  the 
design  of  a  facility  for  routine  production- 
line  use  of  pulsed  X-ray  lithography  is  pre¬ 
sented  f  inally,  the  possibility  of  using  laser- 
plasma  radiation  for  high-resolution  radio¬ 
graphy  is  examined 

§2.  Pulsed  X-Ray  Lithography 

There  are  many  bright,  pulsed  sources  of 
X-rays  hl  Most  of  them  invoice  the  production 
of  million-degree  plasmas  which  emit  strongly 
in  the  X-ray  region  near  I  keV  Of  the  plasma 
sources,  those  produced  by  focusing  high 
power  lasers  onto  solids  are  among  the  brightest 
and  are  easy  to  use  (relatively  tree  of  debris 
and  reproducible) 

Exposures  of  X-ray  resists  with  radiation 
near  I  keV  from  laser-heated  plasmas  were 
reported  recently  4  "  In  one  oudv.  a  long- 
puKe  (40  nsec)  Nd  laser  was  used  to  he.it  \l 
plasmas  which  emitted  about  0  I  ol  the 
incident  laser  energy  as  X-rays  41  Nivtv  shots 
with  this  relatively  inefficient  system  are 
required  to  expose  the  resist,  polxhutene  I- 
sultonc  (PBS),  at  a  distance  of  t  cm  from  the 
focus  lines  0  7^ /on  wide  were  replicated 
in  the  resist  In  a  second  studs,  a  shorter  pulse 
(I  nsec)  Nd  laser  was  employed  "  li  produces 
X-ravs  about  1181  times  more  elficientlv.  and 
has  three  times  as  much  eneigv  compared  to 
the  40  nsec  laser  Hence,  single-shot  exposures 
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are  possible  with  a  copolymer  resist  at  lti 
cm  from  focus  Pattern  replication  from  mask-, 
(of  unspecified  line  width)  was  faithful  to 
w.thin  the  limits  of  optical  microscopy  I  he 
use  of  single,  subnucrosecond  X-ray  pulses 
from  laser-heated  plasmas  to  replicate  masks 
reduces  resist  exposure  times  by  a  (actor  near 
I  O'*  compared  to  steady -state  sources 

The  use  of  laser-plasma  X-rays  tor  litho¬ 
graphy  is  attended  by  potential  problems  which 
were  examined  recently  1  Masks  may  be 
degraded  either  by  debris  from  the  laser 
target  or  by  thermal  cycling  Molten  target 
material  elected  as  the  million-degree  tempera¬ 
ture.  megahar  pressure  plasma  cools  and  dis¬ 
sipates  can  coal  and  otherwise  damage  masks 
Hut.  the  use  of  thin  targets  and  thin  plastic 
shields  oxer  the  mask  may  negate  the  problem 
The  sharp  temperature  rise  in  the  absorbing 
material  (usually  Au)  of  the  mask  relative 
to  the  mask  membrane  (He  or  Si)  could  lead 
to  delanunaiion  This  potential  effect  is  not 
easily  calculated  and  must  be  tested  experi¬ 
mentally  Resist  heating  is  negligible  (Quanti¬ 
tative  measurements  have  shown  the  response 
of  PHS  to  be  similar  for  steady -state  and 
pulsed  exposure  41  Also,  capacitance-voltage 
measurements  of  substrate  (SiO.)  radiation 
damage  produced  by  laser-plasma  X-rays 
showed  a  flat-band  shift  of  only  0  V  tor 
full  exposure  of  PHS  That  is.  the  pulsed  soft- 
X-ray  source  appears  favorable  from  a  radia¬ 
tion  damage  viewpoint  In  short,  the  only 
significant  potential  problem  known  to  he 
associated  with  pulsed  X-ray  lithogr.  phv  is 
mask  failure  due  to  thermal  cycling 

Routine  use  of  laser-plasmas  to  expose 
X-ray  resists  is  possible  It  is  desirable  to 
optimize  the  X-ray  production  efficiency,  which 
depends  on  several  parameters  laser  pulse 

wavelength,  shape  and  energy,  focusing  condi¬ 
tions,  and  target  composition  and  geometiy 
It  was  projected  that  a  Nd  laser  with  pulse 
length  near  10  nsec  which  can  locus  stKi  J 

onto  a  <  u  target  is  adequate  lor  single  shot 
exposure  of  PHS  at  a  distance  of  Q  •s  c  in 

Because  X-rays  are  emitted  over  a  wide  angle, 
it  appears  possible  to  expose  ten  S  cm  diameter 
replicas  with  one  shot  lour  shot-  per  hour 
are  feasible  with  a  properlv  designed  lasei 
A  schematic  of  a  facilitv  tor  production 

line  use  of  pulsed  X  ray  lithographs  is  given 
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f  l(!  I  I  lev.ilion  view  schniuiu.  ol  ,i  laser  and 
exposure  laulitv  tor  single  shoi  replication  ol 
multiple  mask  vxater  iMW>  combinations  aligned 
at  rtearhv  stations  J  he  laser  pulse,  turned  bk  mirror 
M  is  focused  bv  lens  1  onto  target  I  in  a  c hambei 
evacuated  bv  pump  P 

in  I  ig  I  Mask-wafer  combinations  could 
be  aligned,  and  held  together  in  a  magnetic 
device  for  movement  to  the  exposure  chamber 
Multiple  alignment  stations  would  be  needed 
to  prepare  enough  workpieces  lor  each 
pumpdow  n-laser-shot  cycle  Alternative  ar¬ 
rangements  tor  pulsed  X-ray  lithography  could 
be  used  hut  that  sketched  in  I  ig  I  oilers  the 
greatest  throughput  and  the  simplest  exposure 
chamber 

I  he  single-shot  exposure  time  with  laser- 
plasma  X  rays  is  much  shorter  than  required 
I  hat  is.  the  limiting  factor  is  the  interval 
between  shots  or  the  tunc  needed  to  produce 
several  aligned  mask-wafer  combinations  I  his 
raises  the  possibility  ol  using  a  repetitivelv  - 
pulsed  laser,  rather  than  a  single-shot  device 
It  may  he  possible  to  construct  a  Nd  lasei 
system  which  produces  I  J.  5  nsec  pulses  at 
1(111/  I  he  X-ray  conversion  elficieiicv  lor 
such  laser  characteristics  lias  not  been  meas¬ 
ured.  but  an  exposure  time  ol  about  Id  minutes 
can  be  estimated  lor  I’HS  "  While  such  a 
lime  is  acceptable,  new  target  matetial  must 
lx-  positioned  at  locus  lor  each  shot  I  his 
requirement  tor  target  motion,  a  net  the  amount 
ol  target  debris  pioduced  hv  thousands  o! 
laser  shots,  make  it  unattractive  to  expose 
ic'sists  with  X  i.tvs  hoiti  plasmas  heated  hv 
a  repetitively  pulsed  laser 

§T.  I’ulsed  High-Resolution  Radiography 

Sviichrotion  radiation  is  (.notable  tor  pro 


J  ’ 


.-V-Vi 


\KI  MR  s  ■  ;  | 


474 


D  J  NaijH  et  a / 


duetion  of  radiographs  using  an  X-ray  resist 
as  a  recording  medium  because  of  its  natural 
collimation  With  synchrotron  radiation,  a 
spatial  resolution  of  100  A  was  demonstrated 
with  polymethylmethacrylate  (PMMAl  as  the 
resist  21  The  likelihood  that  iaser-heated  plasmas 
will  be  useful  for  high-resolution  radiography 
is  discussed  in  this  section 

In  contrast  to  X-ray  lithography,  which 
requires  photon  energies  in  the  range  near 
I  to  2  keV'  in  order  to  penetrate  the  supporting 
membrane  of  the  mask,  there  is  no  mask 
for  high-resolution  radiography  Hence,  lower 
photon  energies  may  be  used  Energies  from 
near  I  keV  down  to  about  100  eV,  where  the 
wavelength  of  120  A  is  greater  than  the  spatial 
resolution  of  PMMA.  are  best  for  radiography 
of  biological  materials  Laser-heated  plasmas 
emit  intense  radiation  in  the  0.1  I  keV  region 
Proper  choice  of  laser  irradiance  and  target 
will  maximize  radiation  useful  for  production 
of  high-resolution  radiographs  A  power  density 
of  I012  W  cm2  will  strip  atoms  in  a  carbon 
target  to  the  K  shell  and  produce  intense 
radiation  in  the  300  4(X)  eV  range  Such 
photon  energies  are  near  and  above  the  carbon 
K  absorption  edge  Hence,  they  will  yield 
good  contrast  in  a  carbon-containing  sample 
and  will  be  efficient ly  absorbed  by  the  resist 
Intensity  available  from  laser-heated  plasmas 
for  pulsed  high-resolulion  radiography  can 
be  estimated  from  existing  data  The  early 
pulsed-lithography  experiments  were  done  with 
40  nsec.  40  J  Nd  laser  pulses  focused  to  It)1' 
W  cm"  on  Al  41  That  combination  of  conditions 
was  chosen  to  maximize  available  Al  K  radia¬ 
tion  at  I  h  keV.  which  passed  through  a  25 
/im  Be  foil  to  expose  PBS  The  subkilovolt 
radiation,  the  intensity  ol  which  was  not 
optimized,  was  stopped  hv  the  Be  Some 
uncovered  resist  was  exposed  to  all  radiation 
from  the  plasma  at  the  same  time  as  the  I  b 
keV  exposures  were  being  made  The  sub¬ 
kilovolt  radiation  was  so  intense  that  the 
PBS  "self  developed  ".  that  is,  a  clear  substrate 
remained  after  exposure  T  fleets  due  to  radia¬ 
tion  with  energy  below  and  above  l<X)e\ 
were  not  separated  in  the  Al  plasma  exposures 
ol  PBS  l  sing  measured  laser  plasma  radia 
tion  intensities  above  I  kcV.Ml  it  is  estimated 
that  over  It)  ,  ol  the  incident  laser  eneigv 
can  he  converted  to  radiation  in  the  0  I  I 
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F~  3  RESIST  on  SUBSTRATE 

t  ig  2  Schematic  arrangement  for  pulsed  high- 
resolution  contact  radiographs  using  an  X-ray 
resist  to  record  the  non-uniform  absorption  of  the 
specimen  An  aperture  is  shown  near  the  plasma 
to  limit  the  source  si/e  and  improve  spatial 
resolution 

keV  range  Single-shot  subkilovolt  exposure 
of  PBS  at  It)  cm  from  the  ftxus  appears 
feasible  with  a  100  J  laser 

The  spatial  resolution  attainable  in  a  pulsed 
high-resolution  radiography  can  be  estimated 
The  major  limitation  to  the  use  of  laser-heated 
plasmas  might  be  the  source  size  in  relation 
to  the  source-to-resist  spacing  The  plasma 
volume  which  emits  subkilovolt  radiation 
can  exceed  I  cm  in  diameter  If  a  100  A  thick 
specimen  were  placed  on  l(XX)  A  thick  layei 
of  X-ray  resist  10  cm  from  the  source,  a 
penumbral  blurring  of  about  100  A  would 
result  Such  a  value  is  acceptable  for  some 
high-resolution  radiography  If  better  definition 
is  desired,  an  aperture  can  be  used  to  limit 
the  source  size,  as  sketched  in  Tig  2  This 
arrangement  has  been  tested  in  experiments 
where  a  very  small  <  l(X)  jim  diameter)  aperture 
was  employed  l  se  of  an  aperture  to  im¬ 
prove  resolution  requires  appropriate  increase 
in  the  number  of  laser  shots  to  compensate 
for  the  intensity  loss  due  to  using  only  part 
of  the  source  volume 

§4.  (  ooclusion 

The  routine  use  ol  pulsed  X-rays  (I  2  ke\  ) 
lor  lithographic  production  of  mask  replicas 
appears  practical,  with  one  qualification 
That  is.  the  response  of  masks  to  thermal 
cvcling  i not  known  now  and  must  he  deter¬ 
mined  experimentally  I  he  employment  of 
laser  plasma  radiation  (0  I  I  ke\  I  lor  high- 
resolution  radiographs  ol  biological  materials 
i'  also  feasible  Single  shot  radiographs  with 
HXi  \  resolution  aie  expected  on  the  basis 
ol  experiments  to  date 
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SUBMICROSECOND  X  RAY  LITHOGRAPHY 

Indexing  ferms  Photolithography.  X  ray  applications 

X-rayi  from  User-heated  plasmas  were  used  to  replicate 
features  as  fine  as  750  nm  ui  the  positive  resist  polybutene-1- 
sulfone  (p.b.s.).  The  measured  sensitivities  of  p.b.s.  to  pulsed 
and  d  c  X-rays  (*■  10*  ratio  in  exposure  rate)  are  similar  (no 
reciprocity  loss).  Laser-plasma  X-nys  produced  only  small 
(0  25  V)  flat-band  shifts  in  m  o  s  capacitors  at  irradiation 
leveU  sufficient  to  expose  p.b.s. 

The  near-ultraviolet  sources  now  commonly  employed  to 
replicate  fine  details  are  limited  to  line  widths  above  about 
1  pm  because  of  diffraction  effects.  X-ray  lithography  will 
be  employed  to  produce  devices  with  submicrometre 
features.1  Electron -beam  lithography  also  yields  submicro¬ 
metre  details,  but  only  by  programmed  sequential  replication 
of  a  pattern.  X-rays,  which  can  replicate  an  entire  pattern 
simultaneously,  are  produced  by  electron  impact  on  solids 
(line  and  continuum  radiation)  and  by  electron  acceleration 
(synchrotron  radiation).  However,  these  sources  have 
disadvantages  for  X-ray  lithography,  X-ray  tubes  and  oilier 
solid-target  sources  do  not  efficiently  convert  election  energy 
to  X-rays  and,  therefore,  exposure  times  are  long  (usually  in 
the  1 -10  minute  range).  F  urthermore,  the  continuum 
radiation  from  such  sources  is  relatively  hard.  Thai  is,  i!  is  not 
efficiently  stopped  in  the  mask  or  the  resist  and  it  deposits 
energy  and  produces  damage  in  the  silicon  substrate  and  in 
superimposed  oxides.  Also,  the  photoelectrons  released  by 
hard  X-rays  in  the  substrate  re-enter  the  resist  and  degrade 
resolution.  Synchrotron  radiation  sources  have  softer,  more 
appropriate  spectra  But  they  are  large,  expensive  and  possibly 
unsuitable  for  routine  manufacturing. 

Many  sources  that  produce  submicrosecond  pulses  of 
X-rays  are  available  2  Plasmas  heated  at  ihe  focus  of  high 
power  (>  109W)  lasers  are  intense  X-ray  sources  3,4  In  lad. 
over  \07  of  the  incident  radiation  from  a  high-power  Nd  glass 
laser  can  be  converted  to  an  X  ray  pulse  of  a  tew  nanoseconds 
(>  I08  W),  The  X  ray  emission  usually  has  intense  lines  in  the 
1-3  kcV  range  and  a  continuum  that  falls  off  rapidly  at  higher 
energies  The  most  intensely  emitting  region  is  generally 
smaller  than  about  500 nm  in  extent.  X-ray  emission  above 
I  keV  from  laser-heated  plasmas  is  maximum  along  the  target 
normal  and  decreases  by  or  less  for  emission  angles  within 
45°  of  the  target  normal.'  Laser  pulses  can  he  fired  every 
15  min  from  a  Nd  laser  capable  of  producing  X  rays 
efficiently 


40  ns  1  w.h.m.  pulse.6  A  3  cm  diameter  aperture  near  the 
target  chamber  restricted  the  beam  diameter  to  reduce  laser- 
target  interaction  before  the  laser  output  pulse.  An  //19, 
125  mm  focal-length  lens  focused  the  remaining  laser  energy 
(  -  40  i)  onto  planar  AJ  targets  (tilted  15°  about  i  horizontal 
axis)  in  the  vacuum  chamber  (pressure  <  50  mtoir).  A  target 
translator  was  used  to  expose  fresh  material  tor  each  shot. 
A  silicon  p-i-n  diode  was  a  25  pm  Re  window  was  n-ed  to 
measure  quantitatively  the  X-ray  intensity  above  about  !  keV 

The  X-ray  characteristics  measured  in  an  earner  stud)  unh 
the  same  arrangement  include  source  size,  emission  time, 
spectrum  and  intensify.  A  pinhvl-:  camera,  which  viewed  me 
source  at  almost  90°  to  the  la  get  normal,  sho  ved  that  the 
most  intense  source  region  was  abou:  400  gm  :n  diameter 
3nd  600  jam  in  a  direction  along  the  targe*  normal  A  p-i-n 
detector  yielded  i  f.w.h  u  .  X-.ay  pulse  w  „'.i  o  ns.  Biagg 
spectrograph  measurements  produced  spectra  that  consist 
primarily  of  lines  from  Hv  like  (2-electron)  Al.  which  fall  in 
the  15  to  2-3  keV  region,  with  907c  of  the  energy  in  lines 
within  a  few  eV  of  16  kcV.  Omy  atA  it  0\7  of  the  laser 
energy  on  target  was  converted  to  the  T6  keV  X-rays.  Hence, 
tne  laser  used  in  the  present  experiments  is  tar  Iron,  optimum 
tor  suhmicrosecond  X-ray  lithography. 

The  positive  resist  employed  in  this  work  was  po!ybutenc-l  • 
sultone  (p.b.s.).8  Adhesion  of  tins  resist  to  SiOj  was  poor, 
and  so  a  20  nm  Cr  film  was  used  between  the  p.b.s.  and  the 
500  nm  oxide  layer.  The  300  nm  thick  resist  was  prebaked  at 
100°C  for  20  minutes,  spray  developed  and  spf*v  rinsed  each 
for  45  s  and  post-baked  at  1  50°C  for  20  mm.  A  ■  ommercial 
electroformed  Ni  mesh  that  was  25  fim  thick  and  had  200  pm 
diameter  holes  was  placed  close  to  the  rcs»si  (<l25^m 
estimated  spacing)  to  foim  a  coarse  test  pattern.  The  Ni 
mesh  was  covered  with  a  25  Be  lull  which  pj"Cd  no 
radiation  below  bOO  eV  An  electron  beam-produced.  5jUnm 
thick  Au  mask  supported  on  25  pm  Be  was  empioyeJ  to  toim 
j  line  pattern/  It  contained  structures  as  narrow  as  ^50  mi. 
Hus  mask  was  placed  within  about  1  25  gm  (estimated )  ot  (he 
resist  Hie  Be  suppoit  for  the  high -resolution  Au  mask,  which 
was  coated  with  a  thin  him  ot  silicone  remaining  irom  ion 
milling  o!  the  line-line  structure,  had  reduced  X  i ay 
t  ransmission 

Ihe  structures  iust  described  were  positioned  *  cin  tfom 
the  laser  locus  at  an  angle  ol  40'  to  the  beam  directim-g 
Ninety  lasei  shots  each  on  a  hesh  Al  target  spot,  were  fired 
at  5  min  intervals  to  ensure  exposure  Not  all  of  the  shots 
yielded  the  normal  X  ray  output  during  this  run  I  tie  total 
X-ray  intensity  was  equal  to  that  lor  60  normal  shots  I  he 
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Fig.  1  u  a  schematic  diagram  of  the  experimental  arrange 
ment  The  Nd  laser  system,  which  consists  of  a  Q  switched 
oscillator  and  two  amplifiers,  produced  about  1 00  i  in  a 
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p.b.s  behind  the  mesh  developed  fully,  permuting  etching 
of  the  ('r  and  SiO»  The  exposure  of  the  resist  behind  the 
high  resolution  mask  was  incomplete  due  to  absorption  in 
the  silicone  layer  fig  2  is  an  optical  miciograph  ot  the 
partially  developed  phs.  liom  the  higher  resolution  test  The 
pattern  is  a  laithtul  replica  of  the  mask.  However,  the 
horizontal  lines,  which  wore  nearly  parallel  to  the  longer 
axis  ol  the  plasma  source,  are  somewhat  shaiper  than  those 
which  were  vertical  and  almost  orthogonal  to  the  maximum 
source  dimension.  Such  penumbral  blurring  would  not  appear 
lor  smaller  mask  water  spacings  and  greater  source  10  mask 
spacmgs.  such  as  would  be  used  in  practice 

A  ‘step wedge'  experiment  was  perlonned  simultaneously 
with  the  mask  exposures  to  obtain  the  pulsed-exposure 
properties  of  phs  Successively  more  numerous  layers  *  if 
2  Sum  Mylar  were  placed  over  an  l-Njim  lie  I  oil  above  j 
resist  cojted  prehaked  wafer  Alter  exposure,  developing, 
rinsing  and  the  poslbake,  the  thickness  ol  resist  remaining 
under  each  ahsorhei  region  was  measuied  by  sivlus  and  infer 
ler  omelet  techniques  and  by  colour  comparison  I  he  incident 
and  p.h  s  -absorbed  X  ray  exposures  were  computed  liom  the 
p-t-n  signals  and  tabulated  absoiptton  coeltiv. tents  assuming 
a  dominant  X-ray  energy  ot  I  b  kcV  A  value  »»l  jppiovintateK 
5  J  em'  was  lound  lot  lull  exposure  ol  the  UK)  nm  ihuk 
phs,  compared  with  a  vjlue  ol  14  J  uii  measured  will)  a 
steady  state  \  ray  source  *  10  Itiese  values  mav  he  the  sune 
within  experimental  uncertainly  Ihus  recipmcits  loss  docs 
not  appear  to  he  a  problem  for  short  pulse  exposure  "t  p  hs 
Healing  ol  the  icsisl  ts  also  negligible  (  -  I  C  l 

Kadiation  ellects  were  measured  wiiti  mos  capacitor 
placed  behind  an  iHjamBe  Iml,  uii  from  the  Ijsei  locus 
Aluminum  field  plates,  100  nm  thick,  were  evaporated  onto 
dry  oxide  The  silicon  substrate  was  (100)  //  type  4-K  iZcrn 
material  Capacitance/voltage  iC/V)  curves  were  obtained 
before  and  alter  irradiation  An  exposure  sufficient  to  fully 
develop  p.b.s  yielded  j  Hal  hand  shill  of  only  0  25  V.  with  no 
evidence  of  changes  in  the  ClY  curve  shape  due  to  last 
interface  states 

Problems  with  the  use  of  the  laser  plasmas  l«*r  X  lay 
lithography  are  addressed  elsewhere  11  Hie  most  obvious, 
deposition  ol  evaporated  and  melted  target  material  on  masks, 
can  be  defeated  by  the  use  of  thin  taigets  and  \  ray 
transmissive  plastic  shields  over  the  mask  I  fleets  due  to 
sudden  heating  ol  the  absorbing  material  (An)  in  the  mask 
remain  to  he  assessed 

Optimisation  ot  laser  plasma  X  ray  output  lias  been 
addiessed  1 1  Available  data  indicate  that  a  single  laser  pulse, 
with  width  in  <>r  near  the  1-10  ns  range  and  energy  of  about 
500  J,  incident  on  a  urge!  element  near  Cu.  would  he  useful 
(or  routine  microreplication.  Design  studies,  aimed  at 
minimum  cost  systems,  are  in  progress  lor  single-  and 
repetitively  pulsed  lasers. 

Mailo/zi  ci  al  have  recently  reported  the  exposure  ol  a 
negative  X-ray  resisi  (c  o  p  )  with  X-rays  Irom  laser-heated 
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plasma  1 1  They  obtained  single-shot  exposures  at  a  d  -lance 
ol  1 0  cm  with  I  n,  1  (X)  J  pulses  from  a  Nd  laser. 
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COMPARISON  OF  X-RAY  SOURCES  FOR  EXPOSURE  OF 
PHOTORESISTS 


D.  J.  Nagel 

Naval  Research  Laboratory 
Washington,  D  C.  20375 


Introduction 

Thin  films  of  materials  may  be  damaged  (exposed)  by  ionizing  radiation  from  a 
wide  variety  of  sources.  Of  the  many  types  of  radiation-sensitive  materials,1’2 
photoresists  are  receiving  greatly  increased  attention.  Although  much  less  sensitive 
(I0“4)  than  AgBr  photographic  films,  photoresists  can  offer  substantially  better 
spatial  resolution  (I02)  than  small-grain  films.  Hence,  photoresists  are  being  used 
for  replication  of  fine-scale  patterns,  most  notably  for  microelectronics  fabrication. 
Photon,  electron,  and  ion  sources  are  all  being  employed  to  expose  resists.  There 
are  two  reasons  that  x-ray  sources  have  been  used  to  expose  resists  for  the  past 
several  years.  First,  x-rays  permit  replication  of  finer  scale  patterns  than  uv 
exposures  because  the  shorter  x-ray  wavelengths  yield  smaller  diffraction  effects. 
Second,  since  x-rays  can  penetrate  and  yield  images  of  the  intenor  of  objects, 
radiography  can  be  pushed  to  higher  (submicrometer)  resolution  by  the  use  of 
resists  as  recording  media  in  place  of  photographic  film.  Because  fine-scale  struc¬ 
tures  can  be  examined  by  such  x-ray  resist  techniques  (and  because  the  images  are 
usually  small),  high-resolution  radiography  is  also  called  x-ray  microscopy.3 

Many  physical  mechanisms  are  available  to  produce  x-rays.4  Natural  (astro- 
physical).  nuclear  device,  and  laboratory  sources  produce  x-rays  that  could  con¬ 
ceivably  be  used  to  expose  resists.  From  this  rich  array  of  sources,  only  three  types 
of  laboratory  devices  have  been  used  to  date  for  resist  work:  (a)  electron-impact 
devices,  such  as  x-ray  tubes,  (b)  synchrotron-radiation  sources,  usually  storage 
nngs,  and  (c)  mullimillion  degree  plasmas  heated  with  photons  or  electrons.  The 
characteristics  of  those  laboratory  sources  vary  widely.  However,  they  all  produce 
useful  intensities  in  the  x-ray  region  near  0.1-1  keV,  where  resists  have  appreciable 
absorption. 

The  purpose  of  this  paper  is  to  review  and  compare  the  characteristics  of  those 
x-ray  sources  that  have  been  used  to  expose  photoresists.  Emphasis  will  be  given  to 
the  recently  employed  and  less  familiar  plasma  sources.  A  discussion  of  photon 
energy  and  intensity  requirements  for  resist  exposure  is  given  in  the  next  section. 
The  following  three  sections  will  summarize  work  with  electron  impact,  synchro¬ 
tron  radiation,  and  plasma  sources.  Photographs  of  relatively  small  and  inexpensive 
sources  of  each  type  are  included.  Finally,  a  tabulation  of  source  characteristics 
will  be  presented  and  discussed. 

Recent  comprehensive  reviews  of  x-ray  lithography  and  microscopy  are  avail¬ 
able.5  7  These  include  discussions  of  x-ray  resists,  masks,  and  alignment  techniques, 
in  addition  to  x-ray  sources.  Specific  recent  maternal  on  resists,®  masks.'’  and 
alignment  methods'®  is  also  noted.  Detailed  references  to  x-ray  sources  for  resist 
exposure  are  given  in  the  following  sections. 
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The  photon  energs  a.id  intensiis  of  vanous  x-ray  sources  must  be  gauged  against 
what  is  needed  for  high-resolution  exposures  of  resists  in  acceptable  times  (<  10*s). 
the  photon  energy  heavily  influences  the  resist  absorption,  which,  along  with 
the  available  intensity  determines  the  exposure  time  for  a  gtven  resist.  Also,  the 
photon  energs  influences  the  energs  and  range  of  electrons  produced  in  the  resist 
by  and  after  photon  absorption  These  ranges  determine  the  spatial  resolution  limit. 

The  computation  of  the  exposure  time  for  a  particular  source-resist  combination 
is  straightforward  if  the  following  three  factors  are  known  quantitatively:  (a)  the 
absolute  source  intensity  (photons/eV-cm2-s)  at  the  resist,  as  modified  by  any 
filters  and  the  mask  substrate,  as  a  function  of  photon  energy,  (b)  the  resist 
absorption  versus  x-ray  energy  ,  and  (c)  the  amount  of  energy  (J/cm3)  that  must  be 
absorbed  in  order  to  achieve  the  desired  relief  in  the  resist  (full  or  partial  exposure). 
The  absolute  intensities  of  x-ray  sources  can  be  measured  or,  in  many  cases, 
calculated.  Such  work  is  discussed  in  subsequent  sections.  The  fractional  absorp¬ 
tion  of  x-rays  in  a  resist  film  is  readily  computed.  Whitlock  has  written  a  program 
that  will  produce  absorption  values  at  specified  photon  energies,  densities,  and 
thicknesses."  It  employs  tabulated  absorption  coefficients,  which,  although  less 
reliable  below  100  eV,  are  conveniently  parameterized.12  Results  for  polymethyl 
methacrylate  (PMMA)  films  of  vanous  thicknesses  are  given  in  Figure  1.  The 
photon  energy  range  of  interest  ( 10  eV  to  10  keV)  is  evident,  as  is  the  low 
absorption  values  for  the  higher  x-ray  energies.  Values  of  the  absorbed  energy 
needed  for  full  cr  partial  exposures  of  several  resists  are  available. 5- 8  For  example, 
PMMA  requires  an  absorbed  energy  of  500  J/cm3  for  full  exposure.  X-ray  resist 
sensitivities  vary  from  this  value  to  about  5  J/cm3.  Vanous  x-ray  resists  have  been 
exposed  in  times  ranging  from  less  than  10' 6  to  somewhat  over  I05  sec.  depending 
on  the  source  spectrum  and  strength  and  the  source-resist  separation. 


V»' 


Figure  1  The  fractional  absorption  of  PMMA  layers  of  the  thicknesses  ( |im)  indicates! 
as  computed  by  Whitlock  "  The  carbon  and  oxygen  absorption  edges  are  labeled 
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The  ullimate  sensitivity  attainable  with  resists  remains  to  be  determined.  Atten¬ 
tion  has  already  been  given  to  (a)  increasing  the  fractional  x-ray  absorption  by 
including  atoms  with  favorable  absorption  edges  in  the  resist,  ib)  optimizing  the 
use  of  the  absorbed  energy  by  including  in  the  resist  radicals  that  are  especially 
sensitive  to  radiation,  and  (c)  optimizing  the  chemicals,  concentrations,  and  times 
used  in  resist  development.  It  is  not  clear  how  much  room  remains  for  the 
improvement  of  resist  sensitivity  to  x-rays. 

The  spatial  resolution  attainable  in  an  x-ray  resist  exposure  depends,  as  does  the 
exposure  time,  on  both  the  source  and  resist  characteristics.  Resolution  as  a 
function  of  source  photon  energy  has  already  been  examined  and  it  was  concluded 
that  photon  energies  near  250  600  eV  are  optimum  for  PMMA.5  15  Lower  photon 
energies  (longer  wavelengths)  involve  diffraction  effects,  while  higher  energies 
produce  more  energetic,  further  traveling  electrons.  The  intrinsic  resolution  of  a 
particular  resist  varies  from  the  limit  set  by  exposure  due  to  the  photo  and  Auger 
electrons  in  slow  resists  to  values  roughly  100  times  poorer  in  fast  resists. 

Some  measurements  of  the  spectra  of  electrons  emitted  by  x-irradiated  polymer 
surfaces  have  been  made.14  However,  the  energies  and  intensities  of  x-ray  stimu¬ 
lated  electrons  in  resists  are  not  well  known.  Measured  ranges  for  many  materials 
fall  below  100  A  for  electrons  with  energies  below  1  keV.15  Hence,  resist  resolutions 
below  100  A  might  be  expected  in  the  best  case.  In  fact,  spatial  resolutions  near, 
and  somewhat  better  than.  100  A  have  been  observed.16  The  nonuniformity 
(photon  statistics)  of  x-ray  exposures  requires  that  a  resist  more  sensitive  than 
PMMA  will  have  poorer  spatial  resolution.5  Roughly  speaking,  faster  resists  require 
fewer  photons/cm3  for  exposure,  and  the  graininess  of  such  a  less  dense  exposure 
results  in  poorer  resolution.  Faster  resists  are  indeed  found  to  exhibit  poorer 
resolution  than  PMMA.8 

In  summary,  sensitivities  and  exposure  times  vary  widely  for  x-ray  exposure  of 
polymer  resists.  It  is  not  clear  where  the  sensitivities  of  available  resists  stand 
relative  to  what  is  ultimately  attainable.  At  the  other  extreme,  resist  resolution  in 
an  insensitive  resist  (PMMA)  already  approaches  the  limits  set  by  the  ranges  of 
electrons  excited  during  and  following  x-ray  absorption.  Thorough  experimental 
studies  of  both  resist  sensitivity  and  resolution  as  functions  of  x-ray  energy  and 
development  conditions  remain  to  be  made  for  a  wide  variety  of  resists.  Exposure 
rate  and  temperature  might  also  be  relevant  parameters,  at  least  for  a  fundamental 
understanding  of  resist  behavior. 
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Electron  impact  devices  were  the  first  to  be  developed  and  are  now  the  most 
widely -used  sources  of  x-rays  These  devices  consist  of  a  source  of  electrons,  a  gap. 
and  a  target.  The  electrons  may  be  ejected  from  the  source  (cathode)  by  thermal  or 
field-emission  effects,  with  heated  filaments  being  most  common  The  gap,  across 
which  a  high  (keV)  potential  is  applied  to  accelerate  the  electrons,  is  in  a  vacuum  of 
at  least  10  5  Ton.  The  x-ray  source  size  (anode  target  area),  which  is  typically  a 
few  mm3,  depends  on  electron  focusing  in  both  the  source  and  the  gap.  Spectral 
intensities  from  all  practical  electron  impact  sources  depend  on  the  electron  energy 
and  current,  the  anode  material,  and  the  take-off  angle  from  the  target  (due  to 
self-absorption  effects).  The  absolute  x-ray  intensity  available  from  a  given  focal 
spot  size  is  limited  by  space  charge  effects  at  low  voltages  ( <  1  keV)  and  by  anode 
heat  dissipation  at  higher  voltages  (  >  few  keV).  The  energetic  electrons  produce 
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uncollimated  x-rays  in  the  anode  by  two  basic  mechanisms:  (a)  bound-to-bound 
electron  transitions,  which  follow  the  production  of  core-hole  vacancies,  give  x-ray 
lines,  and  (b)  free-to-free  transitions,  which  are  due  to  the  curvature  of  incident 
electrons  in  the  nuclear  coulombic  field  (electronic  bremsstrahlung),  yield  the  x-ray 
continuum.  Typically,  only  about  1%  or  less  of  the  incident  electron  energy  is 
converted  into  x-ray  line  and  continuum  energy  in  an  electron  impact  source. 

Spectra  due  to  electron  impact  on  solid  targets  can  be  obtained  on  an  absolute 
basis  either  by  a  calculation  or  by  measurement  with  calibrated  spectrometers.  In 
the  past  10-15  years,  several  fairly  efficient  methods  to  compute  x-ray  spectra  have 
been  implemented.  They  range  from  Monte  Carlo  techniques17  to  fast  running 
transport-equation  codes.18  Reliable  measurements  of  x-ray  tube  output  have 
become  available  during  the  same  time  period.  Both  energy-dispersive  methods, 
e.g.,  Si(Li)  detectors,  and  wavelength-dispersive  devices,  e.g.,  crystal  spectrometers, 
have  been  employed.  Examples  of  computed  and  measured  spectra  from  a  sealed 
commercial  x-ray  tube  are  given  in  Figure  2. 19  Thin-window  sealed  tubes  provide 
useful  intensity  only  down  to  about  3  keV.  Hence,  windowless  electron-impact 


Figure  2.  The  measured  and  calculated  spectral  distribution  for  a  Rh  target  x-ray  tube  on 
the  same  absolute  basis  See  Birks1’  for  units. 
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sources  are  usually  used  for  resist  exposures.  Their  spectra  are  quite  easily  calcu¬ 
lated.  but  little  data  is  available. 

Electron  impact  x-ray  sources  for  resist  exposure  can  be  grouped  into  two 
categories:  Stationary  anode  sources  that  either  have  interchangeable  anodes  or  are 
sealed  commercial  x-ray  tubes  and  rotating  anode  devices  The  latter  sources  yield 
higher  x-ray  intensity  because  they  spread  the  electron  beam  heat  load  over  much 
larger  areas  than  do  stationary  target  devices 

Fixed  anode  devices  have  been  widely  used  to  expose  resists.  The  first  x-ray 
source  to  be  used  for  such  work  was  an  electron  beam  evaporator  operated  at  a 
power  too  low  to  melt  the  stationary  Al  target.20  Such  windowless  devices,  which 
are  readily  available  in  the  electronics  industry,  continue  to  be  used  for  research, 
since  they  provide  adequate  exposure  and  solid  angle  (area)  and  useful,  albeit  long, 
exposure  limes.  An  Al  target  evaporator  operated  at  8  keV  and  50  mA  (0.4  kW)  in 
a  I  mm  spot  can  expose  PMMA  in  20  min  at  a  distance  of  3  cm.21  A  specially 
designed,  continuously  pumped,  stationary  Pd  anode  x-ray  source  has  been  de¬ 
signed  to  expose  the  negative  resist  DO  PA  in  4  min  at  50  cm  with  4  kW  in  a  3  mm 
spot.22  Sealed  window  x-ray  tubes  do  not  require  constant  pumping  and  are  widely 
available  commercially.  Their  size  permits  them  to  be  mated  with  mask  alignment 
equipment  (Figure  3). 23  However,  the  relatively  hard  x-ray  spectrum  of  sealed 


Fioune  3.  The  Westinghouse  steady  state  x-ray  lithography  alignment  and  exposure  system.22 
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x-ray  tubes  (due  to  window  absorption  I  requires  longer  exposure  times  With  a 
commercial  Rh  anode  tube  operated  at  2(1  keV  and  4<)  rnA  (0  X  kV.'i.  it  lakes 
60  min  to  fulls  expose.-polctbutene- 1 )  sulfone  (PBS)  2X  cm  from  the  anode  4  I  he 
exposure  of  a  slow  resist,  such  as  PMMA.  takes  prohibiticek  long  wi  h  such  a 
source 

Rotating  anode  sources  generally  dissipate  powers  about  ten  limes  greater  than 
those  for  stationary  targets  *'  Such  devices  are  available  commerciallv.  but  thev  do 
not  offer  easy  anode  interchangeabilitv  Rotary  vacuum  seals  can  be  bought  now 
for  construction  of  special  rotating  anode  sources  that  have  demountable  anodes, 
oil-free  high  vacuum  (to  preserve  target  surface  cleanliness)  and  large  exposure 
areas  with  no  windows  Schematic  drawings  of  specialh  designed  rotating  anode 
sources  were  presented  recentlv  bv  Wardly  el  uZ/'and  Stover  A  review  of  x  ray 
sources,  most  of  which  involve  rotating  anodes,  was  provided  bv  Hughes  and 
Pink  1  [exposure  times  as  short  as  I  min  at  practical  source-resist  distances  (4<)  cm) 
have  been  realized  with  fast  resists 

In  summary,  a  wide  variety  of  electron  impact  devices  are  now  in  use  for  resist 
exposure,  primarily  for  research  production  of  microelectronics  and  other  devices 
At  one  extreme  are  relatively  simple  commercial  evaporator  and  sealed  x-rav  tube 
systems  for  use  in  research  work,  where  the  time  required  to  obtain  an  exposure  is 
not  critical  At  the  other  extreme  are  complex,  custom-designed  stationary  and 
rotating  anode  systems  that  have  exposure  times  (with  resists  faster  than  PMMA) 
that  may  be  acceptable  for  production  line  uses  I'he  cost  of  electron-impact 
sources  is  roughly  in  the  $2  »  104  It)'  range  High-power  rotary  anode  sources  are 
about  a  factor  of  five  more  expensive  than  most  stationary  target  sources 


Syni  iiroiron  Radiaiio's 

Magnetic  bremsstrahlung  produced  by  the  curved  motion  of  energetic  electrons 
in  a  magnetic  field  is  called  synchrotron  radiation,  after  the  machines  in  which  it 
was  first  observed  Such  radiation  from  synchrotrons  and.  especially,  storage  rings, 
is  being  widely  employed  now  for  many  fundamental  studies  and  technological 
projects  21  14  fhc  spectral  (continuous  and  intense),  spatial  (collimated  to  a  few  mr). 
and  temporal  (pulses  about  I  ns  wide)  characteristics  of  synchrotron  radiation, 
along  with  its  strong  polarization,  account  for  the  intense  general  interest  in 
synchrotron  radiation 

The  absolute  synchrotron  radiation  spectra  computed  for  a  large  storage  ring  are 
shown  in  t  un  Rl  4  Note  that  increasing  the  heam  energy  extends  the  spectrum 
into  the  x-ray  region  but  does  not  increase  the  longer  wavelength  spectral  intensity 
I  se  of  alternating  magnetic  devices,  called  "wigglers."  increases  boih  the  higher 
energy  cutoff  and  the  overall  intensity  Synchrotron  radiation  spectra  are  straight 
forward  to  compute  but  there  is  little  abs. ilutc  spectral  data  with  which  lo  compare 
The  spectrum  of  uric  ollimated  emission  from  a  rotating  <  u  anode  x  rav  tube  is  also 
given  in  f  xu  hi  s  |  he  high  intensity  and  good  colhmalion  favor  synchrotron 
radiation  over  x  ray  tubes  for  exposure  of  photoresists 

Sources  of  synchrotron  initiation,  although  expensive,  are  already  numerous  and 
several  are  under  construction  '  ‘  I  hev  range  from  o  2  <  leV  devices  about  2  m  in 

diameter  to  an  IX  (leV  storage  ring,  which  is  almost  4iK>  m  in  diameter  f  n.i  ri 
shows  the  t )  2 S  Me\  storage  ring  al  the  National  Bureau  of  Standards,  which  has  a 
diameter  of  I  6X  m  11  Beam  currents  fall  in  the  range  from  HI  1  to  I  -\,  with  cross 
sections  tvpicallv  I  ■  4  mm 
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Photon  wav*  langth,  A 

10,000  1000  100  10  1 


Photon  enargy,  K#V 

Fiocrf  4  The  computed  intensits  (photons  sec  1  mrad  1  mA  1  1%  passband  width)  of 
synchrotron  radiation  at  2  and  3  3  <»eV.  and  at  2  <>eV  with  a  wiggler  The  approximate 
emission  spectrum  of  a  rotating  copper  anode  x-ras  lube  is  also  shown  30 


The  initial  studies  of  resist  exposure  with  synchrotron  radiation  were  done  by  a 
U.S. -German  collaboration  at  DF.SY  in  Hamburg''’  and  a  F  rench  group  at  ACO  in 
Orsay.33  More  recently,  other  groups  at  Japanese34  "  and  I'.S.34  synchrotron 
radiation  sources  have  been  active  in  (his  field  Greatly  increased  use  of  synchro¬ 
tron  radiation  for  resist  exposures  is  anticipated  as  additional  dedicated  storage 
nngs  begin  operation. 

The  times  required  for  synchrotron  radiation  exposure  of  PMMA  are  known 
from  experiments  already  done  with  relatively  low-current  storage  rings.  Most 
exposures  were  performed  at  distances  of  It)  40  m  from  the  source  using  broad¬ 
band  (filtered  but  not  monochromated)  radiation  Exposure  times  for  PMMA  have 
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ranged  from  about  102  to  I04  s.  depending  strongly  on  the  stored  electron  current, 
which  was  usually  <  0.1  A.’2  *  It  is  projected  that  newer  machines,  with  0.1-  1  A 
currents,  will  require  exposure  times  less  than  100  s  for  PMMA.'2  ’7  ’*  Betz  ei  a! 
performed  a  trade-off  analysis  to  assess  the  characteristics  of  an  optimum  storage 
nng  for  x-ray  lithography.  8  They  concluded  that  a  0  9  GeV.  0  5  A  source  could 
expose  PMMA  through  realistic  masks  in  110  s  Only  one  exposure  of  a  resist  was 
performed  with  monochromatized  synchrotron  radiation,  Pianetta  el  al.  found  that 
the  time  required  for  PBS  was  a  factor  of  10'  longer  than  that  for  broad-band 
radiation.’4 

In  summary,  resist  exposures  with  synchrotron  radiation  have  had  two  purposes 
high-resolution  radiography  of  biological  systems  and  replication  of  masks  for  the 
production  of  structures,  principally  microelectronics.'  16  High-resolution  radi¬ 
ography  (x-ray  microscopy)  has  been  done  with  better  than  100  A  resolution  using 
PMMA.  Microelectronics  production  with  synchrotron  radiation  is  attractive  be¬ 
cause  of  the  excellent  coilimation.  which  permits  comfortable  mask-resist  separa¬ 
tions  and  prolongs  mask  life.  However,  the  limited  vertical  exposure  dimension 
and.  especially,  the  size  and  expense  of  synchrotron  radiation  sources  are  draw¬ 
backs  to  industrial  use.  Storage  nng  facility  costs  fall  approximately  in  the 
$104-107  range,  but  they  can  simultaneously  serve  10  to  20  exposure  stations. 


Plasma  Solucf.s 

Solids  heated  to  about  103  K  are  termed  “red  hot."  Continued  heating  produces 
"white  hot"  temperatures.  Additional  energy  input  produces  melting  and  then 
vaponzation.  At  around  I04  K.  atomic  collisions  are  sufficiently  violent  to  produce 
ionization  (plasma  formation),  a  state  that  could  be  called  “uv  hot.”  since  the 
primary  emission  al  that  temperature  is  in  the  ultraviolet  region.  Temperatures  of 
10'  K  produce  extreme  uv  radiation,  while  matter  in  the  I04-  I07  K  regime  is  "x-ray 
hot."  Plasmas  that  emit  x-rays  consist  of  highly  ionized  atoms  and  energetic  (keV) 
electrons.  Depending  on  the  atomic  number  (composition)  of  material  in  the 
plasma,  dozens  of  electrons  may  be  removed  from  each  atom.40 

X-ray  emission  from  mullimillion  degree  plasmas  is  due  to  three  mechanisms:  (a) 
bound-to-bound  transitions,  often  following  collisional  excitation,  which  give  dis¬ 
crete  lines,  (b)  free-to-bound,  or  recombination,  transitions,  which  yield  conlinua  to 
the  hign-energy  side  of  each  ionization  energy,  and  (c)  free-to-free,  or  bremsstrah- 
lung,  transitions,  which  yield  a  continuum.  Spectra  from  x-ray  hot  plasmas  vary 
widely,  depending  on  the  relative  importance  of  the  three  mechanisms  in  a 
particular  source  and  the  plasma  composition,  geometry,  and  heating  details  for 
various  sources  Absolute  measurements  and  calculations  of  x-ray  spectra  from 
plasmas  are  rare  since  much  information  on  the  emitting  plasma  can  be  obtained 
from  relative  spectra.  Fiol-re  6  exhibits  the  emission  spectra  of  a  laser-heated 
plasma  on  an  absolute  basis  over  a  relatively  wide  photon  energy  range.41  It 
consists  of  those  lines  and  recombination  continua  below  I  keV  that  were  not 
resolved  in  either  the  measurement  or  calculation  and  of  a  steeply  falling  Con¬ 
tinuum  at  higher  energies.  The  relatively  high  intensity  in  the  0.1-1  keV  region, 
which  is  characteristic  of  very  hot  plasmas,  makes  them  useful  for  the  exposure  of 
photoresists.  Also,  plasmas  emit  intense  radiation  over  a  large  solid  angle  (2 tt  to 
4rr),  which  permits  simultaneous  exposure  of  relatively  large  areas  of  resist.  Their 
small  size,  often  on  the  order  of  I  mm.  is  also  important 

Methods  of  heating  plasmas  to  x-ray  emission  temperatures  can  be  grouped  into 
two  categories:  beam-heated  plasmas  and  electrical-discharge  plasmas  The  impact 
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of  high  power  density  (  •  10'*  W  'em*)  beams  of  photons,  electrons,  or  u>ns  on 
solid  targets  produces  temperatures  above  !()'  K  lasser  (seams  have  produced 
10*’  107  K  temperatures,  but  electron  and  ion  beam  healing  has  yet  to  yield  x-ray 
hot  plasmas  Relatively  modest-sized  lasers  will  produce  million  degree  plasmas 
Many  devices  in  which  plasmas  are  healed  by  electrical  discharges  are  available 
Both  beam  and  discharge  heated  plasmas  can  produce  submicrosecond  bursts  of 
x-rays. 

Only  recently  have  plasma  e  ras  sources  been  used  in  x-ray  lithographs  and 
microscopy  Nd  glass  laser  systems  were  employed  in  the  initial  work.4  one  of 
them  is  shown  in  I  tr.i  hi  7*’  Submit losecond  exposure  times  for  replication  of 
masks  with  single  or  multiple  shots  were  demonstrated  with  fast  resists  fhe 
sensitivity  of  PBS  to  such  short  exposure  times  was  found  to  be  similar  to  its 
sensitivity  to  long  term  exposures  **  Potential  problems  with  the  use  of  laser 
plasmas  for  routine  exposure  of  resists  were  examined  ^  It  was  found  that  debris 
from  the  target  can  be  eliminated  by  the  use  of  thin  targets  and  simple  shields  fhe 
response  of  masks  to  repealed  pulsed  heating,  which  may  he  a  problem  with 
plasma  sources,  must  be  investigated  experimentally  Optimization  of  the  x  ray 
intensity  from  laser  plasmas  in  order  to  reduce  laser  costs  has  been  examined4  and 
a  production  line  facility  roughly  designed4*  X  ray  microscopy  with  III)  \  resolu 
(ton  using  laser-healed  plasmas  has  not  been  done,  but  it  appears  to  be  feasible  ** 
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more  advanced  now  than  research  using  electron-healed  plasmas  Small  lasers  and 
discharge  sources  appear  convenient  for  x-ray  microscope,  while  larger  devices  are 
needed  to  produce  adequate  intensitv  for  practical  single-shot  replication  of  masks 
Designs  for  production  line  x-ray  facilities  have  been  conceptualized  for  laser-heat- 
ing  but  not  for  discharge  devices.  Debris  from  in  and  near  the  plasma  and  low 
repetition  rates  can  be  problems  in  the  routine  use  of  plasma  x-rav  sources,  but 
these  can  be  overcome.  The  long-term  response  of  masks  to  pulsed  heating  due  to 
x-ray  absorption  remains  to  be  measured  Lasers  adequate  for  heating  plasmas  to 
expose  resists  cost  approximately  S2  x  I05.  while  small  electron-heated  plasma 
devices  involve  about  one-tenth  that  expense 
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Strong  lines  and 
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The  exposure  times  for  electron-impact  and  vvnchrolron  radiation  sources  are  for  full  exposure 
of  PMMA  Plasma  sources  usuallv  prixjuce  relief  structure  in  PMMA  with  a  single  shot 

*Storage  nng  radii  are  in  the  l  100  m  range,  with  machines  adequate  for  resist  exposure  having 
I  10  m  radii 
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Dtst  rssios 

Three  types  of  x-ray  sources  have  been  used  to  expose  photoresists  for  mask 
replication  and  microscopy,  and  were  first  reported  in  the  years  indicated:  electron 
impact  devices  <  1 97 2 ).  synchrotron  radiation  sources  (1976).  and  high  temperature 
plasmas  (1978).  The  mechanisms,  spectra,  and  other  characteristics  of  such  sources, 
and  their  use  in  resist  work,  were  reviewed  above  Table  I  gives  a  summary  of  the 
salient  features,  including  aspects  of  the  radiation  field  (spectral,  spatial,  and 
temporal  characteristics),  as  well  as  approximate  source  sizes  and  costs.  No  one 
source  stands  out  as  clearly  advantageous  for  all  resist  exposure  work.  Electron 
impact  devices  are  accessible  but  require  long  exposures  Synchrotron  radiation  is 
not  conveniently  available  but  has  outstanding  collimation  as  well  as  attractive 
exposure  times  Very  hot  plasmas  are  the  newest  and  least  familiar  sources  for 
x-ray  lithography  and  microscopy  Plasma  sources  can  be  small  and  cheap,  but 
they  require  resists  faster  than  PMMA  for  full  exposure  in  a  single  shot  However, 
plasma  radiation  can  produce  high-resolution  relief  exposures  in  PMMA  in  less 
than  a  microsecond  Hence,  they  should  prose  useful  for  stop-motion  studies  of 
live  biological  specimens 

The  x-ray  sources  used  to  date  for  resist  exposures  in  no  way  exhaust  the  list  of 
possible  x-ray  sources.  It  is  anticipated  (hat  other  electron-heated  plasma  sources 
will  be  employed  in  mask  replication  and  microradiography  Furthermore,  there  is 
still  much  room  for  optimization  of  the  sources  already  used  In  particular,  the  use 
of  multiple-pass  laser  amplifiers,  short  wavelength  excimer  lasers,  and.  possibly, 
repetitively -pulsed  laser  systems  will  reduce  the  sue  and  cost  of  lasers  for  plasma 
radiation  resist  exposures. 

Another  type  of  research  needed  concerns  the  direct  comparison  of  available 
x-ray  sources.  If  the  same  masks  were  employed  to  produce  a  given  set  of  test 
circuits  by  each  of  the  three  major  types  of  x-ray  sources,  then  the  relative 
advantages  and  disadvantages  of  each  source  would  be  more  quantitative.  Factors 
concerning  the  practical  use  of  various  sources,  as  well  as  the  structural  character, 
electrical  performance,  and  radiation  hardness  of  the  devices  produced,  could  then 
be  compared  directly  Such  a  comparison  could  have  significant  industrial  as  well 
as  scientific  impact. 
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Disc  l  sstos 

Dr.  G.  Schmahi  :  Is  it  possible  to  give  a  number  with  which  to  compare  the 
plasma  output  and  the  simple  x-ray  source?  Let's  say,  number  of  photons  per  pulse 
per  square  milliradian  per  second 

Dr.  D.  J.  Nagel:  Yes.  Efficiencies  for  the  conversion  of  laser  ligjit  to  x-ra\s  and 
hard  ultraviolet  radiation  can  range  up  to  around  .3 0*7.  If  you  have  a  100  Joule 
laser,  one  which  is  intermediate  in  size  and  expense  and  within  the  reach  of  many 
laboratories,  then  you  can  get  a  few  tens  of  Joules  of  radiation  emitted  into  2 it  sr  in 
a  pulse  that  is  less  than  one  microsecond  long.  For  such  lasers,  a  time  of  15  minutes 
between  pulses  is  typical  Single-shot  exposures  are  possible,  so  multiple  pulses  are 
not  necessary. 

Dr.  N.  M.  Cegi.io:  I'd  like  to  take  excepnon  to  ihe  multiple-pulse  concept.  I 
think  the  reason  you  have  low  repetition  rate  lasers  now  is  that  lasers  designed  now 
are  not  designed  for  this  particular  application  The  technology  that's  most 
advanced  is  that  for  neodymium  lasers,  ruby  lasers,  and  CO;  lasers  There  are. 
however,  many  other  lasers.  Even  for  neodymium  lasers,  these  slow  repetition  rales 
really  apply  only  to  the  heating  of  the  glass,  which  then  compromises  your  ability 
lo  focus  that  beam  lo  very  small  spots  But  you  don't  really  need  verv  small  spots 
A  100  or  200  gm  spot  is  not  anvwhere  near  the  diffraction  limit,  so  you  could  even 
push  those  lasers  beyond  their  design  repetition  rates. 

So  those  of  you  who  are  thinking  of  a  laser  as  an  option  should  not  let  your 
concepts  be  limited  by  (he  repetition  rate  because,  just  over  the  hon/on,  rare  gas 
halide  lasers  are  being  developed  for  laser  isotope  separation  Fhese  are  going  to 
operate  mainly  in  uv.  which  is  much  better  for  coupling  lo  x-ray  conversion  Also, 
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they’re  going  to  operate  at  a  thousand  pulses  per  second,  and  they’re  going  to 
operate  at  hundreds  of  Joules.  The  technology  for  these  things  currently  exists,  but 
only  in  the  laser  isotope  separation  program,  and  so  they're  being  developed  for  the 
laser  fusion  program.  And  those  people  aren’t  thinking  about  your  problem. 

Nagel:  1  couldn't  agree  with  you  more.  No  one  has  published  even  a  design 
study  on  building  a  laser  specifically  for  resist  exposures.  We  have  done  some  work 
on  it,  and  come  to  the  conclusion  (based  on  the  measurements  of  CO:  lasers  and  of 
the  short  rvilses.  and  so  forth)  that  it  is  better  to  go  with  single  shots  with  near-term 
technology  Of  course,  the  laser  system  you’re  referring  to  is  not  the  kind  of 
relate  “>y  "  odest  laboratory  system  that  is  within  our  financial  reach,  but  ap¬ 
proach,  s  a  small  synchrotron  source. 

Dr.  J.  Kirz:  Just  from  a  back-of-the-envelope  estimate,  there  appears  to  be  a 
significant  danger  of  the  kind  that  you’ve  already  alluded  to,  that  is,  if  you  are 
talking  about  making  a  single  shot  exposure  on  PMMA,  in  particular,  where  you 
know  that  an  exposure  takes  on  the  order  of  a  Joule  per  square  centimeter,  and  you 
absorb  that  in  a  thickness  of  about  a  micrometer,  I  cannot  escape  the  conclusion 
that  the  temperature  rise,  just  of  the  caloric  input,  is  going  to  be  several  hundred 
degrees.  Now  PMMA  undergoes  a  phase  transition  at  around  200  degrees,  and  it  is 
very  hard  for  me  to  see  how  you  are  going  to  compensate  for  the  fact  that  you 
might  undergo  a  phase  transition  both  going  up  and  coming  down.  Will  you  be 
able  to  register  the  pattern  correctly? 

Nagel:  I  don't  know  yet.  1  am  concerned  about  the  same  problem.  And  it  may 
be  that  the  necessity  of  staying  below  the  resist  “thermal  response  envelope"  as  the 
laser  parameters  are  varied  will  force  us  to  go  to  multiple  shot  lasers.  But  there's  no 
data  on  that  vet. 

Dr.  R.  A.  McCorkle:  I  have  a  few  comments  about  that.  We've  done  some 
work  with  single  shot  exposures  in  PMMA,  both  near  the  limit  where  we  damage 
the  PMMA  and  where  we  think  we  have  valid  registration  in  the  PMMA.  What  we 
think  is  that — and  this  is  backed  up  by  some  calculations  that  Dr.  Sayre  has  done 
— one  can  expect  something  on  the  order  of  300  A  resolution  information  in  single 
shot  exposures  In  fact,  we  think  we've  seen  that,  or  something  very  close  to  that. 
We  don't  think  that  higher  resolution  information  can  be  developed  by  the  single 
shot  method. 

Mv  other  point  is  that  you  can  beat  this  1  J/cm2  limit  somewhat  by  using  softer 
radiation.  As  I  indicated  yesterday,  in  the  23-44  A  region,  the  absorption  is  again 
much  higher  in  the  resist.  So,  for  information  of  a  biological  nature,  where  you  can 
etch  and  make  shallow  exposures,  you  can  use  quite  a  bit  less  energy  pier  cm2  and 
still  make  a  sufficient  exposure  to  get  300  A  resolution. 

Kirz:  Less  energy  is  absorbed  by  a  thinner  layer,  and,  as  a  result,  caloric  input 
is  going  to  be  comparable 

McCorki.e:  That's  right.  And  in  test  patterns  we  do  see  an  image  prior  to 
etching. 

Nagel:  Yes.  we've  seen  the  same.  You  can  just  flash-impnnt  it. 

L'nidentieied  Speaker:  I  just  want  to  clarify  that  statement.  Dr.  McCorkle's 
wavelength  is  very  well  suited  for  that  because  the  absorption  takes  place  in  a  tenth 
of  a  micrometer.  The  heat  penetrates  about  one  micrometer.  So  he  gains  a  factor  of 
ten  Heat  travels  a  micrometer  in  a  nanosecond,  so  heat  affects  a  larger  volume 
than  does  absorption.  That  is  true  in  the  region  around  the  carbon  edge.  For 
microscopy  that's  very  nice.  But  if  you  want  to  make  an  exposure  on  the  other  side 
of  the  carbon  edge,  where  the  absorption  rate  is  also  on  the  order  of  a  micrometer, 
then  the  heat  associated  with  the  same  exposure  level  as  before  is  much  higher, 
because  the  heat  cannot  travel  away.  So  Dr.  McCorkle  has  a  special  system,  and 
you  won't  be  able  to  get  that  at  another  wavelength. 
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Nagel:  Of  course,  we  claim  the  same  advantage,  because  we  can  manipulate  the 
spectrum  by  changing  the  target. 

McCorki.e:  I  would  like  to  say  that  we  have  also  found  that,  by  using  a 
somewhat  broad-band  emission,  we  minimize  artificial  confusing  information,  at 
least  that  apparent  to  the  human  eye,  in  producing  images  of  biological  specimens. 
The  diffraction  pattern  seems  to  wash  out.  I'm  sure  that  there's  information  hidden 
in  there,  but  the  loss  of  the  diffraction  effects  does  g’ve  a  rather  nice  picture. 

Dr.  D.  K..  Bowen:  I’d  like  to  emphasize  once  again  that  the  number  of  photons 
you  need  for  an  image  depends  directly  upon  the  contrast,  and  the  contrast 
depends  exactly  on  how  you  choose  the  wavelength.  So  it’s  not  just  a  matter  of  the 
thermal  dissipation,  it’s  a  matter  of  what  information  you  get  out  of  the  photons 
you  put  in.  And  if  you  choose  monochromatic  radiation  near  absorption  edges, 
preferably  with  differential  techniques  on  either  side,  then  you  gain  enormously. 
Vou  can  gain  factors  of  ten  or  more  in  contrast,  and  this  will  cut  down,  again,  by 
factors  of  ten  or  more,  the  number  of  photons  that  you  need.  These  techniques  are 
well  worth  investigating. 

So  I  don’t  know  how  well  you  can  peak  the  radiation  from  a  plasma  source. 

I  wondered,  too,  if,  for  some  applications,  it’s  really  worthwhile  having  a  very 
small  source  to  get  certain  collimation  effects,  as  everyone  knows.  Is  there  any 
possibility  of  having  a  relatively  simple  magnetic  field  arrangement  around  the 
plasma  source  to  gel  a  magnetic  pinch  to  keep  the  plasma  from  expanding  too 
much? 

Nagel:  We’ve  done  experiments  with  up  to  100  kilogauss  applied  fields,  which 
narrowed  the  sideways  expansion,  but  it  elongates  the  expansion  the  other  way.  So 
I  don’t  think  that’s  a  good  idea. 

In  regard  to  the  question,  how  tightly  can  we  sweep  up  the  photons  into  a 
narrow  range  by  choosing  elements,  like  carbon  and  boron,  that  predominantly 
emit  K-shell  radiation?  We  can  put  the  energy  in  relatively  narrow  bands  on  one 
side  or  the  other  side  of  the  carbon  edge. 

Dr  J  W.  McGowan:  You  brought  up  the  point,  which  was  a  very  good  one, 
that  the  garbage,  essentially,  comes  back  and  floods  ihe  mask.  What  about  the 
question  of  the  electrons  that  come  back  from  a  number  of  different  sources?  The 
standard  electron  source  impacts  onto  an  anode,  and  there  are  an  awful  lot  of 
secondary  electrons  there  Certainly,  (here  are  a  lot  of  secondary  electrons  in  the 
laser  plasma.  Now,  I  wonder  what  kind  of  damage  those  secondary  electrons  do. 

Nagei  :  I’ve  wondered  loo  I  don’t  have  an  answer  But  I  can  say  the  following: 
the  plasma  tends  to  blow  off.  just  because  of  the  pressure,  normal  to  the  target. 
Now  the  bulk  of  the  electrons  and  ions  tend  to  stay  together  for  charge  neutrality 
reasons.  So  you  can  sit  off  to  the  side  and  dodge  most  of  the  electrons.  But  it  is 
important  to  sort  that  problem  out.  and  one  can  do  it  b\  applying  magnetic  fields 
and  not  doing  differential  experiments  in  order  to  separate  photon,  electron,  and 
ion  effects  They  have  been  done  foi  laser  fusion  applications,  but  not  for  resist 
exposure. 
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Radiation  effects  in  MOS  devices  caused  by  x-ray  and  e-beam 
lithography 
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In  this  study  we  have  found  that  electron-beam  and  x-ray  irradiations  of  metal  (or 
polysilicon)-oxide-semiconductor  devices  performed  at  typical  PBS  or  PMMA  exposure  levels 
create  temperature-bias-stress  (TBS)  instability.  Experimental  results  can  be  most  reasonably 
explained  by  assuming  that  exposure  to  both  of  these  types  of  ionizing  radiation  causes 
mobilization  of  positive  charge  in  the  insulator.  The  positive  charge  is  forced  closer  to  the 
semiconductor-gate-oxide  interface  during  the  positive  bias  phase  of  the  TBS  test  This 
damage  mechanism  was  found  in  HCI,  H;/0;,  and  dry  grown  oxides.  HCI  oxides  exhibited 
the  effect  the  least  of  the  three  oxide  types  studied.  N;  anneals  performed  at  500  and 
900°C,  and  H,  anneals  performed  at  500°C  (all  for  30  min)  did  not  substantially  reduce 
TBS  instability.  A  900°C  anneal  in  IT  for  30  min  did  create  a  marked  reduction  in  the  TBS- 
induced  instability. 

PACS  numbers:  73.40.Qv,  61.80.Cb,  61.80.Fe,  81.40.Ef 


I.  INTRODUCTION 

It  has  Ix-en  realized  for  sometime  that  radiation  doses  in  excess 
of  a  megarad  are  frequently  absorlied  in  sensitive  gate  oxides 
during  the  x-ray  or  e-beam  fabrication  of  metal-oxido-.xemi- 
conductor  (MOS)  parts  1  2  For  example,  a  typical  ex|xisure 
dose  for  PMMA  is  500  J /cm1  For  a  unity  density  resist  film, 
this  corresponds  to  a  50  Mrad  exjxisure  A  faster  resist  such  as 
PBS  requires  a  1  Mrad  ex|x>surc  dose.  As  is  show  n  lx-low ,  for 
typical  polysilicon  gate  structures,  energy  dc|>osition  in  the 
gate  oxide  generally  approximates  the  resist  ex|xisur<-  dose  for 
both  x-ray  and  p-lieam  ex|x»sures.  Since  such  doses  have  a 
marked  effect  on  the  resist,  it  is  not  too  surprising  to  find  that 
the  oxide  layer  undergoes  damage  as  well 

Observations  of  damage  patterns  following  rooin-tem 
perature  W1(  In  irradiation  of  biased  gate  (lex  ices  indicate  that 
the  damage  effects  include  a  charging  of  the  insulator  and  the 
production  of  insulator  traps  Charging  re  suits  as  mobile 
electrons  move  out  of  the  biased  insulator,  leaving  the  rela¬ 
tively  immobile  positive  holes  liehind  For  aluminum  gate 
devices,  this  (xisitive  charge  can  lie  removed  by  annealing  1 
For  unbiased  gate  devices  subjected  to  ai  irradiation,  there 
is  little  charging,  although  traps  are  still  produced  for  Ixitli  the 
biased  and  unbiased  cases  Attempts  to  anneal  leave  mam 
residual  trapping  centers  (primarily  electron  traps),  which 
can  liecome  charged  during  n|x-ratinn  1  1  In  addition  there 
is  a  general  increase  in  fast  interface  state  densitx  ' 

In  this  pa|>cr,  we  present  results  of  high  field  tenqicrature 
bias  stress  (TBS)  testing  of  MOS  and  |>ol\xilicnn  gate  oxide 
semiconductor  (P(  )Sl  structures  These  strut  lures  have  Ix-i-n 
irradiated  to  levels  characteristic  of  x  rax  and  e-lx'am  li¬ 
thographs  Various  anneals  were  attempted  to  remove  |hixi 
tive  charging  and  residual  trapping  centers  Following  an 
Heals  high  field  TBS  tests  were  duplexed  as  an  accelerated 


life  test  The  high  field  TBS  tests  indicate  the  existence  of  a 
(xisitive charge  instability  other  than  that  previously  discussed 
w  it  It  res|x*ct  to  irradiations  (x-rformed  on  dex  ires  under  bias 
The  ex|M‘rimental  TBS  results  can  lx-  most  reasonably  ex 
plained  hx  assuming  that  the  x-rax  and  <  -beam  radiations 
mobilize  (xisitixc  charge  in  the  oxide  The  source  ol  this  (xis- 
itive  charge  is.  at  present,  not  know  n  The  high  fields  and  el¬ 
evated  tenqicrature  ol  the  (xisitive  gate  bias  stress  test  forces 
the  charge  to  the  oxide-semiconductor  interlace  w here  it  has 
its  largest  effect  on  threshold  and  Hatband  voltages  I  BS 
induced  flatband  shifts  as  large  as  2  V  have  Ix-en  encountered 
m  500  \  oxides  Nitrogen  anneals  (x-rtormerl  at  tenqx-raturr-s 
as  high  as  000  T  failed  to  alleviate  this  problem  I  lx  drogeti 
anneals  at  500  (  xxx  Inch  we  consider  the  highest  vile  sintering 
tenqicrature  lor  aluminum  gates!  also  failed  to  significantly 
reduce  the  problem  Hydrogen  anneal  at  900  (  did  signili 
eantlx  alleviate  the  problem  for  |xi|\ silicon  gates 

EXPERIMENTAL  SET-UP 

The  test  structures  xxere  (I  5-nini-diam  capacitor  dots  \ 
schematic  of  the  I’OS  structure  used  is  shown  as  Fig  I  In 
addition,  an  MOS  structure  (in  w  hieli  the  only  layer  alxne  the 
gate  oxide  was  1000  \  of  aluminum  I  was  also  used  l)r\  ox 
ides,  steam  (  Hj  ( >0  oxides  and  IK  1  oxides  were  examined 
in  this  studs  Oxidation  teriqx-ralures  xxere  000  and  1000 
(  !  Each  oxide  received  a  5  mill  dix  \ j  anneal  in  the  oxidation 
furnace  tulx-  lal  oxidation  teui|x-ralurel  before  withdrawal 
anxl  xle|xisition  ol  the  gate  The  thin  film  structures  xxere  ir 
radiated  using  exposure  lex  els  t\  pix  a  I  ol  x  rax  ol  e  beam  li¬ 
thography 

\  rax  irradiations  were  (icrformed  ill  a  x.u  -until  <  liamU-i 
eontaiiiiug  tin-  vimplx-  and  \  rax  soiiire  A  1  ■  mil  kaptoii  lax  ei 
isimulaliiig  a  mask  pro!  ex -ted  the  vimples  lo-m  sliax  eln  time 
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FlC.  1:  Layer  structure  of  the  polysilicon-gate  capacitor  used  in  this 
study 


Energy  Deposition 
From  X-Rays  and  Electrons 


StOj  StO; 

PSS  SI 


?S  KEV  Electfont 


10  KEV  AIX  Ray  Tuba 


coming  from  the  source.  Dosimetry  was  provided  both  by 
films  (Kodak  No-Screen  and  T)  and  by  CaF2:Mn  thermolu¬ 
minescent  detectors  (TLD's).  The  x-ray  source  was  electron 
excited  by  perpendicularly  incident  electrons.  Aluminum  and 
silver  targets  were  used.  The  x-ray  take-off  angle  was  30'  , 
measured  from  the  anode  surface  normal.  The  amount  of 
stray  x-ray  scattering  within  the  vacuum  chamber  was  mea¬ 
sured  with  film  by  occluding  the  source  with  a  lead  shield  held 
midway  between  the  film  and  the  source.  Scattering  intensity 
was  not  more  than  about  10%  of  the  primary  source  inten¬ 
sity. 

Electron-beam  irradiations  were  performed  in  a  Cam¬ 
bridge  scanning  electron  microscope.  The  beam  was  set  to 
raster  scan  over  the  region  of  interest  until  the  time  integrated 
specimen  current  indicated  that  the  required  number  of 
charges  at  25  KeV  were  incident  on  the  sample.  For  PMM  A, 
this  was  10~5  C/m2.  After  irradiation,  visible  light  photoli¬ 
thography  was  used  to  define  half-millimeter  diameter  ca¬ 
pacitor  dots  on  the  POS  or  MOS  structure 

Anneals  were  performed  on  all  samples  (except  for  controls) 
following  irradiation  and  capacitor  dot  photo-definition.  For 
the  N2  anneals,  the  heat-up,  anneal  and  cool-down  phases 
were  performed  in  N2.  For  the  H2  anneal,  heat-up  was  done 
in  N2,  while  the  anneal  and  cool-down  were  done  in  H2  am¬ 
bient. 

The  TBS  tests  were  performed  after  sweeping  an  initial 
room  temperature  C-V  curve  from  +6  to  —12  V.  Next,  the 
capacitor  sample  was  heated  to  200  C  and  a  positive  bias 
(either  15  or  20  V)  was  applied  for  5  min  A  capacitance 
voltage  plot  was  then  swept  on  the  device  after  it  was  cooled 
to  room  temperature.  The  device  was  reheated  to  200'  C  and 


Fl<;  2  Typical  (  V  plots  olitaiiwd  durmR  temperaturr-bias  stress  (csOur 
of  capacitors  after  irradiation  (I  PBS  exposure  performer)  with  an  Al  Kir 
source  at  lOkeV)  largest  TBS  shift  oceured  for  the  + 1 5  V  bias  case  S|*-<  1 
men  was  not  annealed  prior  to  our  following  TBS  lest 


depth  IGMICM?  X  10*1 

FlC  3  A  comparison  of  energy  depostion  for  the  x-ray  (10  keV  A I  K  line) 
and  e-beam  (25  keV  accelerating  potential)  exposure  of  PBS  on  the  structure 
shown  in  Fig  1 

a  negative  bias  ( 15  or  20  V)  was  applied  for  5  min  The  device 
was  cooled  and  a  C- V  curve  was  swept  The  TBS  instability 
was  taken  as  the  difference  in  flatband  voltages  ( AV |,-B)  be¬ 
tween  the  positive  and  negative  bias  C-V'  curves.  No  attempt 
was  made  to  anneal  out  TBS-induced  flatband  shifts 

EXPERIMENTAL  RESULTS 

A  typical  set  of  C-V'  plots  taken  during  the  TBS  test  of  ir¬ 
radiated  capacitors  is  shown  as  Fig  2  Similar  curves  were 
obtained,  whether  from  electron  beam  or  x-ray  irradiation 
A  large  negative  shift  is  encountered  following  positive  stress 
at  elevated  temperature  This  cannot  be  caused  by  electron 
injection  (which  would  create  a  negative  shift)  The  most 
likely  mechanism  is  the  forcing  of  positive  charges,  made 
mobile  by  ionizing  radiation,  away  from  the  gale-oxide  in¬ 
terface  and  toward  the  oxide-semiconductor  interface 
Changes  in  interface  slate  density  can  also  cans*-  this  effect, 
as  shown  below,  however,  the  density  of  interface  state  in¬ 
crease  does  not  support  this  hypothesis.  A  2  V  flatband  shift 
in  a  500  A  oxide  corresponds  to  2  6  X  If)12  charges 'em2  forced 
to  the  oxide  semiconductor  interface  from  the  gate 

The  reason  for  this  TBS-induced  flatband  shift  is  the  large 
amount  of  energy  deposited  in  the  gatesjnsulator  by  the  in¬ 
cident  ionizing  radiation  In  Fig  3  we  see  the  calculated  results 
for  energy  deposition  in  the  various  layers  of  the  POS  structure 
for  e-beam  and  x-ray  irradiation  The  electron  energy  de¬ 
position  was  arrived  at  using  the  transport  electron  program 
(TEP),fi  which  applies  Boltzmann's  expiation  to  the  electron 
transport  problem  For  the  x-ray  energy  deposition,  the 
SEARS  program'  was  used,  which  also  accounts  for  secondary 
fluorescence  in  each  layer  The  defiosition  curves  are  nor¬ 
malized  to  the  de|X)sition  midway  in  the  resist  film  We  see 
that  there  is  a  slight  increase  in  the  d«-|>osition  (-^1 0'i )  in  the 
gate  oxide  over  the  resist -mi<l|Miint-de|>osition  for  V  I  K  line 
source  There  isalmut  a  50rV  increase  in  gate -oxide-deposition 
over  the  resist -mid|)mnt  de|»>sition  tor  the  25  keV  c  Ix-am 
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Fig  4  Temperature  bias-stress  induced  flatband  shift  as  a  fiinctnin  of  pri¬ 
mary  radiation  dose  for  Ag.  and  Al  soft  n-ray  exposures 


In  Fig.  4  we  see  a  graphic  summary  of  the  TBS  instability 
present  in  the  aluminum  gate,  1000  A  oxide  capacitor  fol¬ 
lowing  x-rav  exposure  Both  aluminum  K-line  and  silver  In¬ 
line  results  are  shown;  a  10  Mrad  dose  was  absorbed  in  the 
oxides  for  both  the  silver  and  the  aluminum  cases  Unirrad¬ 
iated  controls  are  compared  to  irradiated  samples.  Significant 
TBS  instability  was  introduced  during  both  the  aluminum  as 
well  as  silver  x-ray  exposure  There  was  a  considerable  spread 
in  the  data  for  radiation  exposed  samples,  as  indicated  by  full 
range  error  bars,  which  represent  the  extremes  of  the  data. 
TBS  instability  distributions  for  silver  and  aluminum  expo¬ 
sures  overlap  These  results  were  obtained  on  samples  which 
underwent  500"  C  N2  anneals  for  half  an  hour 

A  similar  result  was  obtained  for  the  polvsilicon  gate  devices 
(as  seen  in  Fig  5)  In  this  figure,  dry,  steam,  and  HCl  oxides 
were  compared  No  post-radiation  anneal  was  performed 
HCl  oxides  gave  the  best  result  Fxposure  levels  were  chosen 
to  be  consistent  with  PBS  and  PMMA  exposures  A  full  range 
error  bar  for  5  samples  of  this  HCl  oxide  excised  to  1  PMMA 
exposure  is  included.  Figure  fi  illustrates  the  effects  of  5(X)  and 
900  C  anneals  on  samples  similar  to  those  used  to  obtain  Fig 
4  Nitrogen  anneals  [x-rformed  at  500  and  900  C  had  no  real 
effect  on  the  TBS  stability  TBS-induced  Hatband  shifts 
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Fig  6  Results  of  annealing  polysilicon  gate,  soft  x-ray-irradiated  capacitors 
in  and  H2  at  500'  and  900 


ranged  between  1  and  2  V.  The  same  was  true  for  H2  anneal 
at  500'  C.  Only  the  900"  C  anneal  done  in  hydrogen  sigmfi 
cantlv  reduced  TBS  instability 

We  have  observed  this  same  effect  occurring  in  e-beam 
irradiation.  These  results  are  shown  in  Fig  7  for  PMMA-level 
exposures  done  with  e  beam  and  x  rays  (Al  K-line  exposure) 
The  postradiation  TBS  instability  was  essentially  the  same  in 
both  cases  There  did  appear  to  be  some  difference  in  control 
samples,  probably  due  to  a  slight  difference  in  the  way  con¬ 
trols  were  selected  The  e-beam  system  employed  accepted 
small  samples  (~1  cm2).  A  shielded  region  near  the  irradiated 
region  was  used  as  the  control  There  was  some  possibility  that 
this  region  was  not  shielded  as  well  as  a  similar  control  used 
in  the  x-ray  case  In  any  event,  H2  anneal  at  900  C  brought 
about  TBS  stability  for  both  x-ray  and  e-beam  irradiation 
The  effect  of  x-ray  and  e-beam  irradiation  on  fast  interface 
states  was  also  studied  Prior  to  irradiation  high/  low  frequency 
interface  state  measurements  were  performed  These  mea¬ 
surements  indicated  the  samples  used  in  this  study  has  ~5  X 
10lostales/eV’em2  near  midgap  In  Fig  8  we  see  the  grow  th 
of  the  ac  conductance  peak  height  (indicating  a  growth  of  fast 
interface  states)  resulting  from  Ixith  x-ra\  and  e-beam  dam¬ 
age)  Conductance  [leaks  almost  double  following  PMMA- 
level  exposures  from  Ag-/.-line  or  e-liearn  irradiation 
High'li  iw  frequency  C-X'  plotting  also  indicated  a  doubling 
in  the  number  of  states  Such  a  small  amount  of  increase  could 
not  account  for  the  over  2  X  1()12  occupied  states  implied  by 
TBS  test  results  Also,  since  the  greatest  shift  is  in  a  negative 
direction  after  [xisitive  bias,  holes  would  have  to  lx-  injected 
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into  the  insulator  from  the  gate  ami  migrate  to  the  interface 
to  prixiuce  the  obvrved  result  This  is  unlikeh  I  hus.  the  I  BS 
charging  me>  h  olism  is  most  likelv  a  hulk  phenomenon 
However,  it  should  Ik-  [minted  out  that  we  were  unahle  to 
observe  the  interface-stall1  densitv  accuralel)  near  the  hand 
edges  w  ith  the  equipment  at  hand  Such  states  tend  to  remain 
occupied  and  could  ap[>enr  as  a  fivd  charge  This  mechanism 
explaining  TBS  instabilitv  cannot  l«  lulls  ruled  out  at 
prey  nt 


CONCLUSIONS 

Both  x-rav  and  e-fieam  irradiations  t > pica!  of  those  en¬ 
countered  in  x-rav  and  e-lieam  lithographs  create  damage 
m  M( )S  structures  which  is  not  annealahle  at  500  (  in  Mg  or 
\g  amhients  The  [lattern  of  tfie  damage  observed  is  the  same 
in  Imtli  the  e-lieam  and  x-rav  case  A  reasonable  explanation 
for  these  results  would  lie  that  [xisitive  charge  is  mohili/ed  in 
the  insulator  and  forced  closer  to  the  oxide-semiconductor 
surface  during  TBS  high  field  stress  test  IK )l  oxides  apjiear 
to  exhibit  somew  hat  less  (but  not  negligible)  instabilitv  com¬ 
pared  to  drv  or  steam  oxides  An  NT  anneal  at  -XX)  (.  for 
one-half  hour  does  not  allev  iate  this  problem  hut  a  900  () 
anneal  for  one  half  hour  in  H>  does  \  rav  and  e-lieam  ra 
diationdamaged  samples  demonstrated  marked  increase  in 
fast  interface  states  densities 
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KADIATIOH  HARDKESS  Of  LSI/VLSI  FABRICATION  PROCESSES* 


H.  L.  Hughes 
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Candidate  large-scale  and  very  large  scale  inte¬ 
grated  (LSI/VLSI)  circuit  fabrication  processes  have 
been  partitioned,  and  representative  MOS  capacitors 
irradiation-bias  stressed  and  characterized.  Laser 
annealing  for  iaplantation  activation  of  polysilicon 
films  has  been  found  Co  provide  MOS  devices  with 
greater  radiation-hardness  than  those  which  are  furnace 
annealed.  Pre-gate  processes  (those  processes  per¬ 
formed  before  the  deposition  of  the  gate-electrode, 
which  is  either  aluminum  or  polysilicon)  involving 
ionising  radiation,  such  as  X-ray  lithography,  cause 
increased  MOS  irrsdiat ion-bias  sensitivities,  even 
though  post-fabrication,  pre-irradiation  characteris¬ 
tics  reveal  no  differences  fro*  standard,  non-radiat ive 
processing.  These  deleterious  effects  can  be  elimi¬ 
nated  when  both  high  temperature  (  800°C)  pre-gate 
annealing  and  aluminua  sintering  (450  C)  operations 
are  performed.  Since  the  alumimma  sintering  operation 
releases  atomic  hydrogen  into  the  gate  oxide,  reducing 
the  radiation  damage,  other  oxide  hydrogenation  tech¬ 
niques  may  prove  beneficial  for  those  cases  where 
aluminum  is  not  available,  such  as  in  polysilicon  gate 
itructures . 


Introduction 


In  order  to  achieve  the  reduced  feature  sites 
required  for  VLSI  device  fabrication,  new  and  modified 
processes  will  most  likely  be  utilized.  X-ray  and 
electron  beam  lithographies,  laser  and  electron  beam 
annealing,  low  pressure  CVD ,  sputter  deposition,  and 
reactive  ion  etching  (RIE)  are  likely  candidate  pro¬ 


cesses  for  routine  use  in  fabricating  future  VLSI 
circuits.  The  X-ray  or  electron  beam  lithographies, 


as  well  as  RIE,  are  needed  to  define  submicron  size 
patterns;  laser  and  electron  bema  annealing  provide 
Che  local  heating  needed  to  activate  implants  and 
form  metal /semiconductor  contacts;  LPCVD  provides  for 
•uperior  uniformity,  high  purity  and  excellent  step 
coverage . 


Most  of  the  sbove  processes  involve  exposing 
the  device  structures  to  high  doses  of  ionizing 
radiation,  for  typical  X-ray  snd  electron  resists, 


the  calculated  doses  of  radiation  for  SiOj  layers 
range  from  80  Krad  to  40  Mrad  (SiOj)  for  X-rays 
and  1  to  20  Mrad  (Si02)  for  electrons.  In  typical 
FIE  operations  the  SiOj  layers  are  exposed  to  bom¬ 
bardment  by  positive  ions  and  electrons  with  energy 


approximately  1  keV,  soft  X-rays,  and  UV  light. 


It  is  well  known  that  such  radiative-processing 
bombardment  of  SiO,  layers  causes  radiation  damage  in 
MOS  structures.-’  However,  it  has  been  reported  that 
routine  heat  treatments  during  post-exposure  pro¬ 
cessing  recover  the  structures  to  their  pre- bombard¬ 
ment  condition.** The  remaining  question  is  then 
vhether  the  bombarded  MOS  structures  have  recovered 
sufficiently  such  as  to  not  realize  increased  sensi¬ 
tivity  to  operational  stresses  such  as  irradiation- 
bias.  The  present  work  addresses  this  question  of 
latent  defects  for  a  variety  of  VLSI  processes,  and 
attempts  to  determine  possible  cures  in  eliminating 
observed  deletetious  effects. 

•Work  supported  b;  the  Defense  Nuclear  Agency 
under  Subtssk  TD033. 


Exper iment 


In  characterizing  the  radiation-hardness  of  the 
various  VLSI  processes,  it  was  decided  to  explore  the 
possible  effects  by  using  MOS  capacitors  fabricated 
with  radiation-hardened  oxides.  Cate  oxides  were  grown 
in  dry  oxygen  at  1000  C  without  a  high  temperature 
poat-oxidat ion  Nj  anneal.  Since  hardened  silicon  on 
sapphire  devices  use  lower  temperature  pyrogenic  oxida¬ 
tions,  925  C  pyrogenic  oxides  were  also  used  in  this 
work.  HCI/O2  oxidations,  electron  beam  aluminum  depo¬ 
sition  and  forming-gas  sinter  operations,  often  used 
in  the  semiconductor  industry,  were  not  used  for  this 
study  because  of  the  acknowledged  enhanced  radiation 
sensitivity  inherent  to  these  techniques.  Pilassent  or 
induct ion-he at ed  sources  for  alusinim  deposition  and 
nitrogen  sinter  operations  were  utilized.  This  work 
utilized  4-8  ft-cm,  n-type  (100)  silicon  substrates  for 
all  experiment* . 


X-Ray  Lithograp 


The  X-ray  lithography  experiment  used  PBS 
(polybutane-l-sul fane )  positive  resist  coated  over 
Al/SiOj/Si  structures.  The  Si02  was  grown  to  700  X  in 
dry  O2  at  1000  C.  An  X-ray  line  at  1.6  keV  was  used  to 
expose  the  resist.7  Por  this  experiment,  using  5000  X 
of  PBS  resist,  a  dose  of  107  rads  (Si02)  was  deposited 
in  the  exposed  oxide  regions.  Since  it  is  the  field 
region  that  is  exposed  to  X-rays  for  a  positive  resist, 
additional  aluminum  gates  were  deposited  over  these 


regions  and  sintered  at  500  C  for  30  minutes  in 


After  the  sintering  operation,  both  the  control 
and  X-ray  exposed  samples  had  identical  inversion 
voltages  ( )  of  -1.2  volts.  However,  after  a  worse- 
case  irradiation-bias  stress  of  10°rad  (Si)  at  ♦  10 
volts,  the  control  and  X-ray  exposed  samples  shifted 
in  (mean  values)  at  -2  and  -5  volts,  respectively. 
These  V-  values  observed  from  MOS  C-V  curves  include 


These  V^  values  observed  from  MOS  C-V  curves  includ 
the  effects  of  interface-states,  oxide  space  charges 
and  lateral  non-uniformities  (LNU).  No  attempt  was 
made  to  partition  these  interface  parameters  for  the 
various  processes  used  in  this  work. 


Laser  Annealing 


A  major  concern  in  fabricating  high  speed  VLSI 
devices  is  that  of  minimizing  the  resistivity  of  poly¬ 
silicon  films  used  to  interconnect  Che  myriad  of  devices 
on  integrated  circuits.  Nearly  all  commercial  vendors 
presently  use  o  polysilicoo  for  these  regions.  A 
highly  attractive,  emerging  technique  found  to  reduce 
the  resistivity  of  such  polysilicon  films  is  laser 
annealing.®  TTiis  present  work  compares  laser  annealing 
to  furnace  thermal  annealing  in  terms  of  both  the 
resulting  resistivity  and  radiation  hardness.  Poly¬ 
silicon  films  were  deposited  using  the  pyrolysis  of 
SiCl2H2  at  800  C.  These  films  were  deposited  on  700  X 
of  dry-oxygen  (1000  C)  grown  silicon  dioxide.  TTie  poly¬ 
silicon  films  were  implanted  with  150  keV  phosphorous 
ions  to  a  dose  of  5x10  *cm  The  thermal ly- anneal ed , 
ion-implanted  polysilicon  films  were  treated  in  N7  at 
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1000  C  for  only  30  minutes  to  minimize  thermal -induced 
oxide  traps  which  would  increase  MOS  radiation  sensi¬ 
tivity.  However,  as  such,  the  sheet  resistivity  was 
severely  compromised  in  the  thermal  activation  of  the 
phosphorous  implantation  by  the  realization  of  a  final 
value  of  100  ohms  per  square.  For  the  laser  annealed 


l!  S  Government  work  not  prolev  ted  M  l  S  copyright 


V.v; VV  \\ 


S  /  -V 

■  -•  --  vlv'vlv' 


ion- imp  l anted  polyailicon  films,  a  final  sheet  resis¬ 
tivity  of  35  ohms  per  square  was  observed.  A  scanned, 

15  watt,  CW  argon  ion  laser  was  used  to  anneal  in  a  non¬ 
suiting  mode.  It  was  also  observed  that  irradiation- 
bias  stressing  (10”  rad-Si,  ♦  10  volts)  caused  greater 
degradation  in  MOS  structures  fabricated  using  thermally 
annealed  samples  (AV.  •  -17  volts)  than  those  with  laser 
annealed  pol ya i 1  icon' ( AV .  *  -6  volts). 

Sputter  Deposition 

Sputter  deposition  of  aluminum  directly  on  silicon 
dioxide  was  used  to  form  the  gate  electrodes  for  MOS 
structures  on  one  half  of  a  wafer  while  the  other  half 
provided  the  control  samples  where  filament  deposited 
aluminum  was  used.  A  Varian,  Type  S,  dc  magnetron 
sputter  gun  was  used  to  deposit  the  sputtered  aluminum. 
For  an  irradiation  bias  stress  of  10b  rad(Si)  at  ♦  10 
volts  the  V.  for  the  control  sample  changed  -2  volts 
whereas  the  samples  prepared  using  sputtered  aluminum 
gate-electrodes  changed  on  the  average  -12  volts  for  the 
same  stress.  Such  large  radiation-induced  shifts  are 
not  observed  if  the  sensitive  gate-oxide  regions  are 
covered  with  polysilicon  gate  electrodes  during  the 
operation  of  sputter  deposition  of  aluminum  intercon¬ 
nection  patterns.  Such  sputter  deposition  is  now  used 
routinely  for  other  metallization  systems,  as  well; 
for  example,  titanium  and  platinum  depositions  in  tri¬ 
metal,  sealed- junct ion  CMOS  devices  (again  these  devices 
have  been  found  to  be  more  radiation  sensitive  than 
CMOS  devices  fabricated  with  standard  filament  aluminum). 
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Pre-metal  Irradiation  Treatment 

In  order  to  study  MOS  samples  with  known  pre-c»*al 
radiation  exposures,  silicon  dioxide  films  grown  on 
silicon  wafers  were  exposed  to  precise  doses  of  cobalt- 
60  gamma  radiation.  A  convenient,  representative  dose 
of  13.5  Mrad(Si)  was  exposed  to  a  lot  of  wafers,  each 
of  which  was  then  studied  from  the  standpoint  of  the 
effect  of  subsequent  processing  on  the  radiation 
damage.  The  silicon  dioxide  films  were  grown  in  dry 
at  1000°C  to  a  thickness  of  700  X  prior  to  cobalt-60 
irradiation.  After  irradiation  (no  bias/no  gate  elec¬ 
trode)  the  wafers  were  annealed  30  minutes  in  st 
various  temperatures  (400°C-1000°C ) ,  and  some  wafers 
were  also  sintered  30  minutes  in  N2  st  450°C  after 
gzte-metal l icat ion  (In-Source  deposited  alumimss). 

The  following  table  indicates  the  effect  of  subsequent 
irradiation-bias  stress  (10^  rad-Sit  ♦  10  volts): 


High  Pressure  Oxidation 

In  order  to  reduce  the  temperatures  and  times 
needed  to  fabricate  VLSI  circuits,  high  pressure  oxida¬ 
tion  is  now  being  explored.  A  Casonics  Hipox  system 
was  used  to  grow  700  X  of  SiO^  at  700  C;  a  wet  Oj  ambient 
at  10  atm  was  utilized.  The  irradiation  bias-stress 
(106  rad-Si,  ♦  10  volts)  caused  an  inversion  voltage 
shift  of  -26  volts,  whereas  s  control  (also  grown  in 
wet  02  but  at  925°C  and  1  atm)  shifted  -6  volts.  The 
reason  for  the  much  larger  shift  on  the  high  pressure 
oxide  is  not  understood,  and  further  work  is  being  pur¬ 
sued  . 


Low-Pressure  CVD 

Using  25Z  SiH^  in  «t  650°C  and  0.5  Torr  for  the 
LPCVD  case  and  760  Torr  tor  the  APCVD,  0.5  pm  poly- 
•ilicon  films  were  grown  on  radiation-hard  oxides  (900 
X  SiO-  grown  at  925”C  pyrogenic).  These  films  were 
implanted  with  3jl0**  boron  ions  ca”^  st  70  keV,  and 
activated  at  850  C,  30  minutes  in  Nj*  The  polysilicon 
films  were  stripped  by  wet  chemical  means  and  alusinias 
gates  were  deposited  and  sintered  (using  the  standard 
procedure  mentioned  above).  With  identical  pre-stresa 
inversion  voltages,  these  samples  shift  in  V-  -9  volts 
for  the  LPCVD  case  and  -7  volts  for  the  APCVD  devices. 
The  oxide  control  sample  (without  silicon  deposition 
and  activation  heat  treatments)  shifted  only  -4  volts, 
thus  again  pointing  out  the  deleterious  effects  of 
post-oxidation  processing  and  heat  treatments. 


Reactive-Ion  Etching  (RIE) 

Polysilicon/oxide  samples  as  processed  in  the 
above  aection  were  etched  in  an  IPC  barrel-type  reactor 
at  60  watts  using  a  CF  ♦  5Z  0-  plasms  at  0.5  Torr. 

The  polysilicon  films  deposited  by  LPCVD  techniques 
(described  above)  were  completely  removed  on  half  of 
the  2-inch  wafer  exposing  the  radi at  ion-hardened  silicon 
dioxide  films,  the  etching  was  terminated  (removing  at 
moat  50  X  of  SiO.  in  the  operation).  Aluminum  gates 


Irradiation-bias  Stress  Effects  on 
Pr<?  gate-metal  Irradiated  Samples 

Process  - 

800°C  anneal  ♦  no  sinter  (V^  initial  ■  -4.0  v)  6  volts 

800°C  anneal  ♦  ainter  (V^  initial  •  -1.0  v)  2  volts 

400°C  anneal  ♦  sinter  (V^  initial  ■  -1.1  v)  3  volts 

1000°C  anneal  ♦  sinter  ( V ^  initial  *  -1.2  v)  17  volts 


Prom  the  above  table  it  can  be  seen  that  the  -2 
volts  hardness  of  the  control  process  (no  pre-gate 
irradiation)  it  retained  only  after  both  an  800°C 
anneal  and  an  aluminum  sinter  operation.  Since 
aluminum  is  not  present  in  the  gate  regions  of  silicon 
gate  circuits,  an  even  higher  temperature  anneal  was 
assessed.  However,  for  annealing  at  1000°C  in  N 
reverse  annealing  is  observed  to  such  a  large  extent 
that  this  treatment  can  be  eliminated  aa  a  possible 
remedy. 

Discussion 

From  the  above  investigations,  it  is  eppsrent 
that  the  aluminum  sintering  operation  plays  s  major 
role  in  reducing  irradiation-bias  stress  effects  in 
pre-gate  irradiated  MOS  structures.  It  is  well  known 
that  the  alumimss  sintering  operation  releases  atomic 
hydrogen  into  the  silicon  dioxide  layer  where  the 
hydrogen  transport  mechanism  possesses  a  0.3  ev  acti¬ 
vation  energy. 

The  atomic  hydrogen  introduced  during  the 
aluminum  sintering  operation  is  easily  transported 
through  channels  in  the  silicon  dioxide  structure  to 
the  a i 1  icon/s i 1  icon  dioxide  interface  where  passi¬ 
vating  Si-H  bonds  are  formed.^  For  hydrogen  intro¬ 
duced  into  oxides  at  temperatures  above  600°C ,  dele¬ 
terious  SiOH  bonds13,1**31  are  formed  throughout  the 
bulk  of  the  oxide,  thus  accounting  for  the  observation 
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of  iacrtm«d  radiation  sensitivity,  eve.,  hough  hydro¬ 
gen  ia  present  during  proceaaing  (at  in  ti\.  ~aae  of 
polyailicon  deposition  at  high  temperstuie  ua.  »g  SiH^). 

It  ia  apparent  from  this  work  that  for  silicon  *ete 
devices  a  wet hod  to  hydrogenate  the  oxides  at  low  tem¬ 
perature  ia  necessary  to  remove  the  damage  caused  b> 
radiative-processing.  Ion  implantation,  hydrogen 
plasma  bombardment,  and  high  pressure-low  temperature 
permeation  are  poasibi 1  it ies  which  should  be  explored. 
Since  metal  silicidea  (polycides)  are  being  considered 
for  very  low  resistivity  interconnects  in  place  of 
polysilicon,  molybdenue  or  tungsten  should  be  explored 
ss  agents  to  release  the  needed  atomic  hydrogen  into 
the  oxide  regions. 

Conclusions 

As  a  result  of  the  present  experimentation,  it  is 
seen  that  advanced  LSI/VLSI  proceaaing  techniques  will 
definitely  impact  NOS  radiation  hardness.  Laser  anneal¬ 
ing  activation  of  ion- implanted  polyailicon  is  advan¬ 
tageous  in  providing  both  low  resistivity  and  improved 
radiation  hardness.  However,  the  radiation  sensitivity 
of  NOS  structures  is  aggravated  by  X-ray  and  electron 
beam  lithographies,  pre-gate  plasma  processing,  sputter 
deposition,  low  pressure  chemical  vapor  deposition  of 
polyailicon,  and  high  pressure  oxidation. 

Furthermore,  experimentation  in  annealing  pre-gate 
radiation  damage  indicates  that  the  atomic  hydrogen 
released  during  the  sintering  operation  is  hi  ghly 
effective  in  reducing  this  damage. 
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l*  I' fie  sensitive  material  to  he  patterned  can  la-  irradiated  t  /  a  i 
ject  ed  image  or  wn.it  passes  through  a  nearoy  mas*.  rni.-i.--n  tern:.!  , ... 
in  following  section.  Uirect-wnte  electron  nee:..  t  *«*.  :m  1  ,  ue  s  are 


.i'il  i  i  ■ 


pattern  production,  including  generation  ol  ma^r  s  tor  photon  1  1  '  : » oc i  .» p 
cat  nodes  are  employed  to  project  electron  images  .  ion  ueams  can  he  r  oc  i 
or  made  parallel  in  order  to  pass  through  trim,  s  ingle-c  r/st  .1  i  :.asr  me::.- 
approaches  to  single  and  multiple  level  lithography  hjiye^aiso  been  empj.-. 
cent  reviews  ot  lithographic  techniques  are  available. 
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ypes  vi  tine- line  lithography,  as  distinguished  uy  Uie  method  ot  pat  t  tin  repii- 
!•  ion  n<»r  1  ajiiI  a  1  1  y  i  and  the  quanta  eu.ployetl  to  expose  resists  *.  ve  r  l  1 c  a  1  1  y  j  . 


■  Hi*  purpose  .»r  inis  paper  is  to  provide  a  or  l"!  review  ot  v  and  x-ray  iiinograpiUv 

•  i  Ut-  s  .  00  a  t.  !  empt  at  complete  coverage  ot  the  literature  was  ::.ade .  .*\.i!  iuT  ,  V  e  - 

■'  *.  *  s  are  provided  «*nere  appropriate  to  earlier  reviews  and  to  recent  de  ve  1  •  >p::.e :  1  L  s  . 
'»•  Clew  is  intended  more  lor  readers  new  to  i,'V  ahd  x-ray  lithography  than  tor  spe^la- 
a  It  hough  some  he*  m  *  T  e  r  l  a  1  s  is  included.  oellerai  t  ea  lures  ol  t  lie  generation  i:id 
1 1  i  •  i ;  ol  id  ruv'r.he:  and  x-radiation  are  discussed  in  trie  next  section*  me  toil . 
at  io!is  fnen  treat  photon  iii  recr  -  writ.  t*.  ultraviolet  and  x-ray  techniques.  r-mpnisis 

■  ci  sources  I  *r  x-ray  lithography,  a  i:njur  area  ot  study  at  tnis  lanoiati  rv. 
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S  ol  prioton  lithography  are  determined  n,  available  soirees 
v  1 :  id  x-radiat  ion  tin-  ::;.i  I  e  r  l  a  1  s  l  r.  m.»sKs  and  photo  resist..-,. 

1  a  genet  a  1  terms  dhi  feleleiue  to  figure  >.  ii'dted  tmi'e 
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laV  lOaV  lOOeV  1  keV  lOkaV 

5.  .idjor  lypts  ot  uV  ,inO  x-ray  sources  (top.),  including  UV  lasers  and  lamps,  eiectron- 
lmpaot  sources  ot  x  and  I.  x-rays,  and  synchrotron  and  plasma  radiation  sources, 
spectral  regions  oi  adsorption  (center)  tor  glasses  and  turn  memoranes  used  as  masx 
supports  and  tor  ambient  gases.  ,‘laximum  absorption  tor  most  materials  occurs  around 
Vi  eV  id)  lira)  wtiere  tile  piioton  "range"  is  commonly  near  1  uu  run.  best  resolution  in 
resist  replicas  (bottom)  is  obtained  near  VUU  eV  (o  nn). 

Absorbing  materials  tor  masxs  are  readily  available  tor  all  ptiolon  energies,  with 
chromium  being  commonly  used  m  tne  UV  region  and  gold  in  tne  x-ray  region.  ine  maximum 
absorption  coetticient  tor  many  solids  taLji^  near  Vo  eV  witn  luu  nn  pnotun  mean  tree 
pains  being  characteristic  In  that  re^ojy  the  resolution  ot  pnotu  resists  is  Dest 

in  the  region  near  a  tew  hundred  eV.  '  uittraction  ettects  at  longer  wavelengtns, 

and  tile  greater  electron  mean  tree  paths  and  reduced  masx  contrasts  which  are  associ¬ 
ated  with  ntgner  photon  energies  combine  to  determine  tne  energy  range  tor  optimum 
resoiut t  on . 

Having  surveyed  these  general  considerations,  tile  three  classes  ot  photon  lithog¬ 
raphy  shown  in  figure  V  will  be  discussed  in  more  detail  in  the  toilowmg  sections.  ok 
and  x-ray  lithography  are  quite  similar,  but  practically  distinct  because  high  absorp¬ 
tion  coefficients  ot  solids  in  tne  Id  to  around  I UO  eV  region  preclude  usetul  masxs. 
Hr.iCtlc.illy.  there  are  tnree  main  spectral  regions  lor  uV  and  x-ray  1 1 1  nogr  apny ,  as 
determined  oy  absorption  in  the  sou rce - t o- res l s t  path  (I)  below  o  ev  where  retractive 
and  reflective  optical  components  are  readily  available  and  air  transmits,  < V )  around  a 
tew  hundred  ev  where  resolution  is  optimum  but  a  vacuum  path  and  tragi  le  masxs  are 
required,  and  c  ,5)  in  the  1  to  tew  xev  range  where,  although  sources  and  masxs  are 
problems,  He  paths  can  be  used.  it  is  interest ing  tn.it  nature  permits  tne  best  resolu¬ 
tion  in  the  second  reg.uti  which  is  ini'  most  ditticult  technically  due  to  tne  need  tor 
vacuum  paths  and  Inin  masx  supports. 


uirect-«rite  Ultraviolet  l.i  t  uography 

. ' .  i '» K  less  lithographic  techniques  employing  i.iiJjiut  iT-o.nl  railed  I  i  u  s  <■ seams 
are  attractive  although  I  :irv  tend  to  be  slow.  i  h  tne  past  tew  wars,  ..a.  r  attention 
has  been  given  to  [lie  use  of  locused  nv  lasers  t  u  induce  localized  cnemioi.  re.u_t  ions  *n 
an  a  it;  b  1  edit  gas  which  r  e  s  u  i  t  in  deposition  on  or  removal  t  .a  t  e  r  1  a  i  s  I  i  a  ne  a  r  b  v 
solid.  Mope  I  u  1  1  v  ,  sm  n  me  t  nods  ..ill  prove  to  be  ;it.u  I  l..i  I  wa  s  :  ■  ■  ;  : . ;  r  o  u  n  e  o  t  a  1  lines 

onto,  o  i  doge  or  sit  windows  in  l  c  r  oe  i  rc  u  1 1  s  during  ma  tiu  I  ac  t  i :  e  .  t  s  ;  s  ;  ,  1  ep.i  r  a  •  i  n ,  , 

Jit  hisi.te. ,  1  i  a  1 1 1  a  t  l  mis  and  e  t  cn  l  :ig  steps  .all  pos  s  1 1.  i  v  be  i.  u  le.:  .  tne  m  ;  v 

ill  Us  1  -  II  I  I  e  1  1  t  1 1  og  I  i  p  I:  V  .  id  X  a  l  He  ,1  at  de  Ve  .  >pme  11 1  o  I  s  i .  n  it  a.  ill  ties  is  1  i  ri  i  ,' 

reviewed  1  i  tile  I  -  .  1  lowing  p  a  t  a  g  r  i  p  ti :,  . 
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Deposition  ot  a  wide  range  ot  metals  on  many  s  uDs  t  r  «i  I  es  by  J.isri  i  ■  *  piMi.n  tm.iisi  ty 
Has  received  most  attention.  f requency-uoub led  ew  Ai  ion  lasers  at  ^  >/..  nm  have  been 
employed  to  deposit  Al.  Cu  and  an  as  metals  m  lines  a  in  ml  L  .  1:1  wuir‘  l  r  .  t  ;.i. » s  pi  t -r « •  s 
containing  metal  alkyls,^  e.g..  Al  tut  Kep.iir  ot  lithographic  masks  i»v  tm  •  t  n  n  n  i  ue 

has  Dee  n  denumstr.it  cd  *"  .  .simultaneous  use  v  >  1  tile  i  ion  laser  1  unda  me  1 1 1  a  1  r^,  !:«•,!  :ne 

substrate  v^niiv  me  harmonic  photoly/ed  a  gaseous  alkyl  produced  i.d-ilnju-<l  inf*  "  a 1 1  l  ..ri¬ 
al  Iqyed  aT  .  A  pulsed  Art  l.isi-i  at  IVJ.u  uiu  was  employed  to  introduce  mi  <<t  ..n  into 
Inp4"  .  Most  recently,  a  ew  i.ull  hollow  eat  node  laser  u»U-C/u  tuii;  moke  down  car  lumy  i.s  o 

Ur  Mo  and  in.  e  .  e  .  .  u  r  t  oi  > )  .  a  no  n  r  odue  eil  dcinisits  on  polished  and  oxidi/ed  s  i  1  i  e  on  w  a  - 

.  .  j .)  o  * 

ters  and  on  quart / 

Kemoval  (.etching)  ol  ini’  and  uaAs  witn  mieron  spatial  resolution  was  demons  t  r  a  (  ed 
by  use  ot  ew  *;■>/.  J  nm  radiation  in  tia  1  op,  a  n-con  t  a  1  n  l  ng  react. mis  such  as  ui  nr  .  riiuio 
etching  ot  cans  in  a  reactive  liqujji  with  a  mercury  lamp  was  ei;ip  1  oyeu  a  decade  »go 
to  checK  the  distribution  o,^  dopants4'  .  i.asers  with  visible  wavelengths  have  been  used 
tor  gas -phase  etching  ot  Si 

Most  the  work  related  t  i»  potential  direct  -  write  eV  techniques  has  been  reviewed 

in  detail  .  Several  tasks  are  clearly  needed  betore  ev  laser  photo  reactions  v.  an  be 
employed  in  production  o  t  devices.  u  r  ea  t  e  r  versatility  in  la.ite  rials  deposited  and 
driven  into  substrates  m  needed.  Additional  work  on  trie  act  i  ve  mn  ban  i  sms  .not  dis¬ 
cussed  here)  IS  desirable  ill  order  to  optimize  deposition  or  etching.  oet  cl  ini  nat  loii  *  >  t 
tolerances  in  parameters  such  as  laser  power  and  locus  is  required  lor  process  design. 
t\  proot -ot -principle  demons  t  rat  ion  ol  an  operative  microcircuit  would  luither  enliven 
interest  m  direct -write  UV  lithography. 


Conventional  and  Deep  ultraviolet  i.i t nograpny 


Direct  -  write  uV  lithographic  techniques  ale  now  111  the  It’sealdi  stage, 
trast,  the  other  two  classes  oi  patterning  with  photons  indicated  in  figure 
projection  and  prox  imi  t  y /con  t  act  ,  torm  t  tie  Imsis  ot  conventional  cm  rent 
tronics  production.  Near  uV  sources  m  the  3-n  eV  t  Juu--*uu  m:i )  region  are  wide 


i  n 


m  - 
name  1  y 
r oe  i ec  - 
used  in 


what  is  cm  lied  "optical”  lithography  because  ordinary  techniques  and  component  * 
lenses)  are  employed.  Methods  tor  optical  lithography  are  outlined  in  the  nexi 
graph.  Deep  or  iar  UV  lithography  employs  photons  in  the  -  o  eV  i.  «uu-  uw  nm  ■ 

(l.e.,  up  to  the  air  cut  ol  1  at  about  0  eV )  .  Kecenl  research  on  deep  >  v  1  l  t  iiugi  ,« 
mentioned  later  m  the  section. 


.nge 

t  l  s 


Optical  lithographic  methods  can  be  classitied  according  to  the  spacing  between  the 
mask  and  resist.  ihe  contact  method  was  tirst  employed  wiieii  line  widths  were  large.  it 
still  t  inds  use  tor  research,  but  routine  contact  between  mask  and  water  mt  imiiuu'S 
detects  in  the  mask.  Proximity  printing,  witti  the  mask  close  to  the  water,  prolongs 
mask  lite  while  keeping  penumbra!  blurring  witnin  1  l  u<  i  f  s  acceptable  tm  i  nt  ermedi  at  e 
line  width  (.several  .  m).  Projection  printing  otters  both  good  iim.sk  lire  aim  resolution 
approaching  \  ,m.  Projection  can  be  accomplished  in  static,  coin  inuous  scanning  or 
s  tep-and- repeat  modes.  Projection  printer^  commonly  employ  demagnit  icat  i^ns^  oi  11,1  .  , 


or  1 
able. 


1U.  Keviews  ot  optical  lithography 


and  its  resolution  lim  itr\. 


Commercial  project  ion  lithography  devices  were  reviewed  recent  ly 


Ti 
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e  t  tect s 
ot  deep 
tine  as 
printer 
printer 
project  ion  system  cap.^le 
accuracy  wa s  developed 


use  ot  wavelengths  shorter  than  JUU  nt:i  is  attract  ive 
are  reduced  and  ordinary  optical  methods  can  be  employed, 
lithography  have  been  explored  tor  the  pasyt  six  years 
.  m  have  been  produced  by  amt  y^t  methods  .  A  coniine  r  i  ca  l  , 
is  available  with  l  .  m  resolution'  .  the  source  in  a  c»  uui.j^r  l  ca  l  1 
was  modi  tied  tor  deep  UV  exposure  ol  1  in  1  i  ties  1  m  apar  l  .  t\  new 
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ot  exposing  Ou  ‘y  men  waters  per  hour  with  u.  j 


m  all  g nine  nt. 


.•le  r  ca  r  y  -  con  t  a  i  n  i  ng  lamps  art’  employed  as 
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sources  ol  uV  radiation  exist  which  are  potential!. 


u'V  lit  ttography 
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Keviews  ol  resists  to 
ot  energet  lc  «  v  radial  ion 

both  cases,  electrons  can  be  excited  across  t  tu 
on  resists  tor  deep  Lv  lithography  has  been  summarized 


onvention.il  .  V  l  i  t  hography  are  available 
resists  has  similarities  to  x-ray  expos ui 
li.ilid  ga^s  due  to  phot  on 


l be  autloh 
o t  resists.  in 
a  b  s i 1 1 p  t  ion.  rt  o  r  k 


A-K.iy  i.i  t  bogt  apny 

both  i*pt  loll  and  deep  <  V  1  1  t  hogr  aptu  es  pr  ovi  de  expel  1  eiu 
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in  cne  development  ot  x-ray  litnograpny  cools,  especially  in  me  areas 
anu  autoraacion.  nowever,  mere  .ire  major  ditterences  in  sources,  ihisks 


ireas  ol  alignment 

si  cl  S  K  S  1 1  t  It  j  I'l'S  l  ^  IS  • 


Aspects  ot  x-ray  lithography  will  ue  disc'^ssyd 
surveys  ot  x-ray  lithography  are  available 


reiiiamder  ot 


a-Kuv  Sources 


the  tnree  types  ot  x-ray  sources  which  have  Keen  employed  tor  exposure  ol  pnuto- 
resists  are  discussed  in  tnis  section.  c-mpnasis  is  given  to  recent  worn,  although 
plasma  sources  ^ry  surveyed  more  generally.  Keceiit  reviews  ot  x-ray  limograpuy  sources 
are  ava  i  lap  ie  ' 

tlec  troll- impact  Sources 

electron  Domuardment  ot  solids  was  me  tirst  source  employed  tor  x-ray  litnograpny. 
Such  sources  are  relatively  cneap  out  tney  are  not  as  intense  as  desired.  a  great 
deal  ot  worx  on  source  optimisation  nas  been  done  in  oroer  lo  reduce  resist  exposure 
times,  ootn  stationary  and  rotating  anode  sources  nave  been  studied. 

fixed-anode  x-ray  sources  are  limited  in  me  power  tney  can  dissipate  via  met.:, at 
conduction  and  water  cooling.  ordinary  planar  anodes  do  not  provide  intensities  ade¬ 
quate  tor  exposures  ot  usetul  resists  in  less  tnan  one  minute.  decently  a  new  type 


ot  t ixed-anode  x-ray  source  was  applied  to  x-ray  litnograpny  .  a  conical  o< 
in  tile  anode  is  excited  near  its  apex  uy  electrons  troin  a  circular  catnode.  n; 
sure  water  torced  parallel  to  tile  me t a  1 - va cuua  interlace  sweeps  Duoules  ul  vajx 
boiling  away  truia  me  electron  impact  point.  in  an  ordinary  anode,  such  uunul 
not  move,  and  not  spots  would  develop  due  to  tne  poor  tiiernul  cna  rac  t  er  i  s  1  i  c 
vapor.  r.xposure  times  ot  about  /d  sec  are  possible  witn  a  Pd  an^e^any  special 
A  tixed  diamond  anode  source  ot  sort  x-rays  is  under  development  '  '  .  I  he  :i 

ma  l  conductivity  and  strength  ot  diamond  maxes  possiole  dissipation  ot  nigh  mp.i: 


Xot at ing-anode  sources  distrioute  the  neat  load  over  greater  areas  aim,  ne 
run  at  higher  powers  .  Such  sources  nave  been  widely  used  tor  x-ray  litiugr 
is  not.  clear  mat  ro t a t  1  ng -a node  generators  nave  readied  t  ieir  limits.  It  may  he 
to  store  energy  at  a  nign  rate  during  snort .  intermittent  i i tnograpnic  exposures 
dissipate  it,  gradually  between  exposures.  a  potential  way  to  do  tins  i\  nun 
figure  a.  tnergy  could  be  stored  in  Heating  and  melting  material  ill  a  cavity 
Hollow  annulus,  and  removed  slowly  witn  conventional  water  cooling.  liie  nign 
due  to  centritic.il  force  would  retard  nulling.  fabrication  anu  materials  comps 
are  evident  problems.  aI,  which  is  rattier  insoluble  in  w,  nas  tavuraoie  tnei  :.a  1 
ties.  a  full  tnerinal  analysis  is  needed  m  order  m  assess  tne  potential  ot  i  m 
anode  x-ray  source,  and  to  ctioose  materials.  It  may  be  mat  little  improve:'., 

ordinary  r o t a t mg-anode  tubes  is  possible  l[  the  suriace  temperature  is  t  in¬ 
tact  o  r . 
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t'ia  sins  iif.iU'il  by  electron  discfur^us  can  be  pruuuccd  if)  devices  l  ml  l  ca  l  ed  sliics 
uticully  1  n  figure  t> .  bctailed  discussion  ut  ^icn  ol  these  plasma  x-ray  sources  will 
De  available  in  a  review  now  Deing  prepared  .  u  e  r  e  unly  general  c  iia  r.j  c  t  e  r  i  s  L  i  c  s 
will  do  vuu  lined,  will)  reterence  to  use  ot  some  ol  Uie  sources  tor  resist  exposure.  i  fie 
sources  are  arranged  in  bigure  o  in  columns  depending  on  the  origin  ol  ine  eriai 

which  lornis  the  plasma.  Similar  geometries  are  arrayed  side-Dy  side.  ine  t  colur.n 
shows  sources  which  have  low-mass  solids  placed  between  tile  electrodes  beloTe  each 
snot.  Plasmas  are  formed  by  cylindrical  implosions.  Sue/)  devices  are  bright  sources  ol 
x-rays  above  1  KeV  but  inconvenient  operationally,  especially  it  multiple-shot  exposures 
are  required.  Injection  ot  liquids  (,by  pressure  or  elect  rodyimmi  ca  i  iy  j  1  iiiii.eu  i  a  t  e  ly 
prior  to  trie  discharge  may  matte  repetitive  operation  teaslble.  .-sources  in  the  next 
column  begin  with  a  low-pressure  till  gas  which  supports  a  propagating  discharge  snealh 
that  collapses  { " I ocuses " ; Q^o  pruduce  the  hot  plasma.  A  plasma  locus  was  used  recently 
in  trial  resist  exposures  .  the  two-sided  machine  (nypocyc  loida  1  pmen;  is  attrac¬ 
tive  since  resists  could  be  exposed  over  a  relatively  large  solid  angle.  Repetitive 
pulsing  ot  such  devices  is  possible.  ine  next  class  ot  source  begins  with  an  inter¬ 
electrode  vacuum  into  which  a  hollow  gas  is  injecte^ j  led";  belore  the  discharge. 

Such  sources,  which  have  been  used  to  expose  resists  ’  ,  are  attractive  because  they 
are  etticient  and  can  be  operated  in  a  repet  1 1  ive  iy-puised  i::ude.  ine  t  lrud  group¬ 
ing  ot  sources  involves  induction  ot  a  vacuum  breakdown,  witu  plasmas  being  tunned 


t  run  the  anode  material.  Tne  vacuum 
ine  other  anode -mu l er i a 1  sources  emit 
s  i  t  y  . 


spark  produces  energetic  x- 
oniy  subKiiovoit  radiation 


er  rat ic . 


A  great  deal  ot  work  on  plasma  sources  tor  x-ray  lithography  couid  be  done, 
based  on  the  results  to  date,  laser-p iasma  ,  "putt”  a  fid  plasma  locus  x-ray  sources 
should  be  studied  further.  It  subkiiovolt  sources  prove  interesting  tor  step-ahd-repe.it 
Vuv  lithography,  many  plasma  sources  will  oe  ot  potential  use. 


Vacuum  Spark 


£3  *1  Ed 


Hollow  Cylinder  Mather  Plasma  focus  PUFF  Source  Rod  Pinch 


Pfrir  rn: 


SHIVA  (cylinder)  Filipov  Plasma  Focus  PUFF  SHIVA  Electron  Beam  Pinch 


Hypoc  ycloidai  Pinch 

d  .  .  i  c  i  it*  1. 1  f  l  c  tils',  .su’l  l"fih  <  > 1  M."if  ifs  >  >  I  rjen.se  i  i  *  1  - i  1  l  l  i  u- :  t 
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A  -  K ay  Masks 


Masks  tor  x-ray  exposure  ot  resists  consist  ot  three  components  a  support,  an 
x- r  ay  -  t  rans  pa  rent  membrane  and  a  patterned  absorbing  material.  the  trame  must  t>e 
rigid  and  permit  easy  handling.  The  membrane  should  be  transparent  in  the  visible 
region  (to  permit  optical  alignment!  as  well  as  in  the  x-ray  region.  It  must  also  ir¬ 
relatively  easy  to  produce  and  handle,  tlat  and  dimensionally  stable.  i  ne  absorber  must 
provide  adequate  contrast.  Gold  up  to  about  but)  um  tg^ck  is  almost  universally  employed 
as  the  absorber.  A  review  ot  x-ray  masks  is  available 

Research  on  x-ray  masks  has  centered  on  production  ot  thin  (, t ew  m)  ,  otten  large 
(several  cm)  membranes.  Many  materials  have  been  employed,  including  elements  (tie,  31, 
and  Ti),  compounds  (A1  0  and  SiC),  polymers  (mylar  and  poiyimide)  and  layered  materials 
(Sill  with  Si  N  and  UN  "with  poiyimide).  worn  on  masks  is  dicussed  in  the  x-ray  litho- 
gra^Qy j re vi ews  <*ited  above.  Recent  ettorts  on  specitic  mask  materials  are  also  descri¬ 
bed  .  Various  ^t^pds  have  been  employed  to  determine  the  distortion  and  stabi¬ 
lity  of  x-ray  masks 

Step-and  repeat  x-ray  exposures  are  clearly  desirable  from  tht*  viewpoint  ot  pro¬ 
ducing  and  using  x-ray  masks.  dmall  area  masks  tor,  say,  1  to  IX  chips  would  be 
flatter,  less  vulnerable  to  distortion  and  more  stable  than  the  large-area  masks  needed 
for  tull-water  exposures.  Such  an  approach  requires  a  bright  x-ray  source,  ot  course. 
This  is  one  ot  many  examples  ot  coupling  between  design  ot  components  tor  x-ray  litho¬ 
graphy. 

X-Kay  Resists 

Most  x-ray  resists  are  organic  polymers  which  experience  chain  scission  or  cross 
linking  due  to  ionization  by  energetic  electrons  produced  by  photon  absorption.  These 
changes  in  molecular  weight  alter  the  solubility  ot  the  polymer,  making  it  possible  to 
produce  surtace  relief  by  exposure  to  suitable  solvents  atter  irradiation.  Some  pro¬ 
gress  has  been  made  toward  undy^s  t  a  nd  1  ng  the  behavior  ot  resists  in  terms  ot  m^r 
fundamental  electronic  structure  .  A  recent  review  ot  resist  research  is  available 

The  characteristics  ot  ideal  x-ray  resists  have  been  enumerated'0.  briefly,  a 
high  molecular  weight  improves  sensitivity  at  the  expense  ot  resolution.  1 ncor pora t 1  on 
ot  atoms  having  absorption  edges  |ycated  favorably  relative  to  the  source  spectrum 
improves  absorption  and^  sens i t i vi ty  ,  as  does  the  design  ot  resists  which  efficiently 
use  the  absorbed  energy  .  A  narrow  distribution  ot  molecular  weights  favors  nigh  con¬ 
trast  and  good  edge  definition.  Manvj other  properties  ot  resists,  e.g.,  adhesion  and 
process  resistance,  are  also  important"  . 

The  unavoidable  sens i t i v^^-resolu t i on  trade-ott  has  been  discussed  in  terms  ot 
photon  ^atistics  (shot  noise)  .  A  statistical  approach  to  i|tjjt  tyy,  ^  Ji  a  s  also  been  lur- 
mulatjjijl  data  on  the  sensitivities  and  resolutions  ot  x-ray  '  ’  and  related  elec¬ 
tron  ’  resists  have  been  tabulated  and  discussed. 

Inorganic  resists  are  also  being  explored  ttyr^  x-ray  and  other  lithographies  D. 
AgC  1 -cove  red  As^Se  was  found  to  be  x-ray  sensitive0  .  Ge-tie  glasses  doped  Kdh  a  g  re¬ 
spond  to  UV  and  electron  irradiation  so  they  are  probably  also  x-ray  sensitive0  .  inor¬ 
ganic  resists  are  non-swelling  and  compatible  with  dry  pressing.  however,  they  are 
usually  developed  with  solvents,  similar  to  organic  resists 

Ury  ,  plasma  dev<y^c>mjy  ^  oi  resists  is  attractive  in  order  to  avoid  wet-chemical 
processing  altogether  '  ’  .  Changes  in  p  1  asrna -dr  1 ven  reaction  rates,  say,  with  oxy¬ 
gen,  and  the  attendant  production  ot  volatile  products  due  to  lithographic  exposures 
make  plasma  development  possible.  hither  positive  or  negative  replicas  ot  a  mask  may  be 
produced  atter  x-ray  exposure,  depending  on  plasma  conditions. 

Multi-level  res i s L j tfy s t ems  have  been  employed  to  achieve  good  resolution  and  step 
coverage  simultaneously  .  One  scheme  involves  e  lec  t run- beagi^  pa  1 1  e  rn  1  ng  ot  t  tie  top  re¬ 
sist  followed  by  x-ray  exposure  ot  the  second,  thicker  resist0  . 

Mask-Water  Alignment 

The  ability  to  overlay  a  mask  with  patterns  already  on  a  watei  to  a  precision  ot 
around  2)1  ol  the  narrowest  line  is  needed  tor  all  but  single-level  x-tay  lithography 
tasks.  Itiat  is,  devices  like  bubble  memories  can  ne  produced  ov  one  lithographic 
procedure  hut  microelectronic  devices  commonly  require  several  mask  levels. 
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Alignment  is  discussed  in  roost  reviews  on  x-ray  iLtnograpny.  i  fie  range  ot^  techni¬ 
ques  to  sense  the  relative  position  ol  a  masK  and  water  have  been  enumerated  .  Must 
methods  employ  visible  lighx^to  achieve  alignment.  transparent  raasxs  can  De  aligned  to 
accuracies  less  than  JO  nin°dfi  while  an  optical  transfer  nietnou  nas  oeen  used  to  align 
opaque  masks  to  about  J00  nm°  .  Various  patterns  allow  alignment  precisions,  tor  trans¬ 
parent  inasKS  ,,  which  are  a  small  Jraction  ot  an  optical  wav^jiengtn.  1'hese  include 
Moire  patterns0  ,  umlorm  gratings  ,  and  rrtsiiei  zone  patterns  .  Alignment  accuracies 
ot  less  than  JU  run  have  oeqn,  ^cyiieved  with  the  last  two  techniques.  A-rays  have  been 
suggested  tor  inasx  alignment  *  in  addition  to  the  use  ot  optical  methods. 

Some  mask  alignment  techniques  tor  x-ray  lithography  involved  human  observation  and 
manual  positioning.  Automatic  position  sensing  and  maSK-waler  motion  nas  also  been 
employed  with  accuracies  below  1 UU  mn  .  ^ep-and-repeat  systems  with  automatic  align¬ 
ment  at  the  1  Uu  nm  level  are  also  possible  .  optical  tests  tor  alignment  accuracy  ^ge 
discussed  in  most  papers  on  alignment.  electrical  alignment  tests  are  disu  employed 

a -Kay  exposure  by stems 

A  great  deal  ot  work  on  systems  tor  x-ray  litnograpny  has  been  repeated  m  the  pa^y 
three  year,*-  A  summary  ot  initial  systems  was  published  late  in  1  'i  /  6  .  botn  fixed 

and  rotary  ^  anode  syygces  were  employed  in  the  earlier  devices.  Additional  work  witn 
stationary  and  rotary  sou^ys  was  reported  recently.  A  s t ep -and - repea t  x-ray  system 
is  presently  under  development 

In  general,  all  x-ray  litnograpny  systems  developed  to  date  are  experimental  in 
nature.  Product  ion-line  use  ot  any  ot  them  is  unlikely.  however,  many  of  the  components 
trom  these  systems  might  t  ind  use,  when  suitably  integrated  into  industrial  machines. 

Summary  and  Discussion 

The  status  ot  uV  and  x-ray  lithographic  techniques  can  be  summarized.  Ine  new 
direct -write  photon  methods  are  in  the  early  stages  ot  research*  it  is  difficult  to 
assess  their  potential  now,  although  the  process  simplifications  they  utter  are  attrac¬ 
tive.  Presently,  near  uV  litnograpny  is  the  work  horse  ot  the  microelectronics  industry. 
Deep  UV  lithography  tnay  come  to  be  widely  employed  through  evolutionary  changes  m 
equipment  and  techniques. 

A-ray  lithography  has  advanced  s  ign i t leant  ly  in  the  decade  since  i  t s  ^ ge ve lopment . 
Major  use  ot  x-ray  lithography  has  been  projected,  beginning  in  a  tew  years  .  nowever, 
a  great  deal  ot  work  remains  to  develop  product  ion- i i ne  x-ray  machines.  improvements  m 
sources  and  resists  would  be  valuable.  Demands  on  x-ray  rnasxs  will  be  alleviated  uy  tne 
use  ot  s tep-and- repeat  exposure  schemes  with  realignment  prior  to  each  exposure. 

Kadiation  t^^pets  in  the  oxides  ot  MoS  devices  can  result  trom  tne  use  ot  x-rays  to 
pattern  devices  .  Ine  nature  and  consequences  ot  such  process -assoc i a t ed  etiects 
are  being  activity  investigated  now.  It  1 1 1 nograpri  l c - 1 nduced  radiation  etiects  are 
deleterious,  it  will  he  necessary  to  t  ind  ways  to  mitigate  or  avoid  t  tie  problem. 


X-ray  lithography  is  closely  related  to  x-ray 
structures  with  x-rays.  i  wo  approaches  to  microscopy 
object  is  simply  radiographed  with  a 
resist.  Inis  torni  ot  x-ray  microscopy 
specimen  is  substituted  tor  the  mask, 
tine  beam  is  scanned  sequentially  over 
measured  with  ordinary  x-ray  detector, 
or  by  use  ot  x-ray  locus  mg  optics. 


scanning  x-ray  microscopy  are  coticeiv.i 


i  in 

i  1  * 


id  l  c  r  o  s  c  v.)  p  y  ,  the  study  u  t  s  it.  .i  1  i 
*  I'e  available.  In  tne  I  list,  the 
n  i  gh  -  r  eso  1  u  t  i  v>n  recording  medium,  commonly  a 
is  very  closely  related  to  x-ray  1  1  t hogi aphv .  a 
In  l  lie  second  appr<.»acn  t  u  x-ray  microscopy,  a 
tne  object  ot  interest,  and  Its  transmission  is 
Mile  x-lav  beams  <.an  he  produced  witn  apertures 
s  anmi  c  ron-d  i  .tme  t  et  x-r.iv  beams  ol  interest  m 


•  t  interest  I  ol  d  I  fee  t  -  wi  1  t  e 


■ray  1  1  t  hogt'a^ 
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RADIATION  EFFECTS  INTRODUCED  BY  X-RAY  LITHOGRAPHY 

IN  MOS  DEVICES 
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ABSTRACT 

The  effects  of  tow  energy  ionizing  irradiation  on  MOS  structures,  with  doses  lyp'cul  ol  tho>e 
encountered  m  x-ray  lithographv.  were  studied  in  capacitors  and  transistors  The  capacitor  studies  indi¬ 
cated  the  irradiations  induced  a  slow  trapping  instability  and  an  increase  in  surface  stale  density  This 
surface  state  density  increase  was  partially  annealed  at  450  C  in  V-  alter  1/2  hour  Transistor  threshold 
shif's  were  largely  annealed  away  under  these  conditions  However,  a  shift  of  250  m\  was  observed  in 
101)0  A  oxides  which  was  not  annealed  away  In  the  250  A  case.  *0  mV  remained  alter  anneal  Fven 
in  the  thinnest  oxides  studied  <250  A  oxides!  increases  m  subthreshold  swing  as  large  as  35  were 
encountered  This  degradation  was  only  partially  annealed  away  under  the  conditions  lisied  above  No 
channel  length  dependence  to  the  effect  was  uncovered  'down  to  I  q. m  channel  length) 

I.  INTRODUCTION 

State-of-the-art  microelectronics  lithographic  procedures  relv  on  x-rav.  deep- (.  A'  and  e-beam  expo¬ 
sure  tools  During  the  course  of  these  procedures,  radiation  sensitive  MOS  devices  are  subiccted  to 
ionizing  rad  i  at  ion  The  effect  ol  'his  radiation  on 

a  device  properties 
h  dev  ice  stability 
c  device  radiation  tolerance 

may  present  a  critical  obstacle  to  the  application  of  these  techniques  The  lull  nature  and  extent  of  the 
damage  introduced  :s  still  unknown 

Previous  work  in  this  area  has  roughlv  outlined  the  nature  ol  the  problem  Aitken  has  shown 
that  c-beam  lithography  creates  positive  charges  and  "neutrai-tr.ips"  which  are  ‘ally  annea.ahie  oruc  i; 
temperatures  greater  than  550  (.’  While  the  threshold  shilling  m  M<  )S[  f  Ts  caused  hv  (’-beam  lam.icte 
was  not  large  '<400  mV  )  hot  electron  trapping  effects  were  enhanced  Peckerar  et  ai  repotted  a 
substantial  increase  in  positive  cnarge  instability  caused  bv  both  x-rav  and  (’-beam  Inhogr.iphv  r.  Mob 
capacitor  structures  They  also  noted  increase  in  fast  interlace  -  tales  (  hen  et  a  I  4  have  reported  a  m3: 
ation  softening  due  to  the  (’-beam  bthognphic  exposures 

In  this  paper,  the  effects  ol  solt  x-rav  exposures  on  MOM  I  T  -  and  >n  M<  -..ip.c.  .re 

reported  This  work  differs  from  previous  work  in  tr.ai  the  effects  ,>t  x-ra,x  rather  than  eiec ' '  <r  ••  re 
studied  Systematic  studies  ,*)  ge< •metrical  <i  e  "%,/e" 1  c.'Ic.n  re  preseme,)  \,-,o  ..ide-  -  mce  1 
device  parameters  are  analyzed  Specifically .  in  addition  :h:-.”-noid  -rvi'-ng  Jat.i  n  : 

leakage  and  transistor  r.insler  char.tcterisncs  are  presented  I  ‘•esc  lao  -t  cd  cai  •  ,*t  r, k  :  !.•-  ic  ■ 
effects 

It  is  shown  heiow  that  the  pnm.itv  res: Jtiai  damage  •»l'ott  -ema  ns  il\”  4'o  <  m-e  t->  -  -  •••  ... 
damage  Prior  to  anneaiine  s  it  let  x-rav  exp'  s.r  •  .  .ip.iv  ■  :•  -  .ten  '’str.ite  >.  a  :  *e 


instability  '  6  This  is  indicative  of  traps  near  (but  not  at >  the  oxide-semiconductor  interface  Anneals 
at  450  C  remove  this  instability,  anneals  at  300  C  do  not  Residual  interlace  damage  affects  suhthres- 
hold  leakage  and  to  some  extent,  mobility  related  transistor  parameters  We  estimate  the  increase  m 
interface  charge  at  threshold  to  be  approximately  b  *  10"’  staies/cnr  W'e  observed  no  transistor  chan¬ 
nel  length  dependence  to  the  effect  In  going  from  10  gate  width  to  5  gaie  widths,  there 
appeared  to  be  a  reduction  in  the  observed  radiation  effect 

In  the  paper  below,  the  experimental  procedures  used  and  details  nl  device  characterization  are 
given  Next,  capacitor  data  are  presented,  followed  bv  transistor  data  Finally.  data  are  analyzed  and 
conclusions  are  presented 

II.  EXPtRIMENTAL  DETAILS 

All  substrates  used  in  this  experiment  were  /Mvpe  silicon  <  100)  waters  fhe  resistivnv  range  was 
3-5  fl-cni  All  gate  oxides  were  dry-grown  at  1000  C  in  polysilicon  furnace  tubes  with  a  "white- 
elephant"  cap  to  prevent  nitrogen  back-streaming  Field  oxides  were  4000  A  thick,  steam  grown  at 
1000  C  The  test  devices  (capacitors  included!  were  fabricated  using  an  n-MOS  sell-aligned  polysilicon 
gate  process  The  field  oxide  was  not  self-aligned  (i  e  .  a  field-o\ide-cut  etch  was  emplovedi  In-source 
(inductively-heated I  evaporated  aluminum  was  used  as  a  final  interconnect  layer  No  threshold  control¬ 
ling  implants  were  employed 

For  capacitor  flatband  determination,  1  MHz  C-V  plots  were  taken  Temper. iture-hias-stress 
(TBS>  stability  data  were  also  taken  with  a  1  MHz  C'-\  measuring  tool  The  stress  conditions  were 
-HO  volts  for  5  minutes  at  300  C  followed  by  cooling  to  ambient  and  C-V  sweep,  then  -  Id  volts  lor  s 
minutes  at  300  C  followed  by  cooling  to  ambient  and  a  second  C-V  sweep  The  difference  in  flat  band 
voltages  between  the  two  sweeps  is  referred  to  as  the  TBS  instability  It  is  an  indication  o|  charge  insta¬ 
bility  in  the  insulator  It  can  also  be  viewed  as  an  accelerated  life  test  (j-V  plots  tor  interface  state 
studies  were  made  at  1  kHz 

Transistor  characteristics  were  measured  in  the  low  field  region  (prior  to  saturation!  The  source- 
drain  bias  was  100  mV  Threshold  was  obtained  by  linear  extrapolation  of  the  conductance-gate  voltage 
plot  to  zero  source-drain  conductance 

X-ray  dosimetry  was  done  using  TLDs  The  standard  x-rav  dose  administered  was  ihat  required 
to  expose  COP  (co-polymer  of  meihvl  methacrylate!  COP  is  a  commerciallv  available  \-rav  resist 
The  COP  exposure  dose  corresponds  io  5  Mrad  in  a  1000  A  oxide  adiacent  to  a  poivsmcon  gate 

III.  EXPERIMENTAL  RESULTS 
1.  Capacitors 

The  purpose  of  this  study  was  to  establish  radiation  effects  mechanisms  and  to  >tudv  urneuhng 
behavior  The  standard  COP  exposure  dose  was  emploved  throughout  The  oxide  used  w  is  I  nop  V 
thick  Four  radiation  induced  effects  were  observed  These  are  discussed  below 

The  first  observed  effect  was  flatband  voltage  shi.M  \  substantial  negative  shift  n  'he  flat  ban <1 
voltage  was  observed  The  shift  was  highlv  dependent  on  i h e  applied  hi,.s  Jurmg  rradiat. on  I  'lv 
polysilicon  gale  devices  irradiated  to  5  Mrad  'SiO-i  observed  shifts  were  -'  to  -  x  \  ‘usne  3  '  N  t  N  .  m 
fields)  and  -O'  to  -3  b  V  'using  no  applied  bias'  The  slid:  shovveil  suh.meur  Icpcidcm  e  "i  dose 
with  indication  that  the  shift  saturates  in  the  neighborhood  ■  (  |o  Mrad  I  -  a  •’)•*  \  cate  I  ".  vo  "e 
shift  was  suhsiantiallv  annealed  out  at  room  temperature  alter  3  davs  and  w  is  esseni  .r.v  .  lire's  v 
annealed  alter  1/3  nour  at  -oo  (  The  polvsi  iion  cate  deva.es  .rrad.ated  .o  -  Mrad  d'd  ma  i 

room  temperature  annealing  About  I<1  ot  the  ll.it  band  s.'ult  -v.is  mneaieu  o,,i  utc1  '  3  anr  r  ’o" 
A  The  observed  flat  band  shifts  after  such  an  anneal  were  'V  at  3  '  M\  vm  ’’ms  he'd  - ea : e  ,  ... 


substrate  ground)  and  —0  8  to  —  I  8  V  with  no  applied  bias.  The  behavior  of  the  polysilicon  gate  capaci¬ 
tors  after  a  300  C  anneal  is  shown  in  Fig.  1  These  shifts  were  reduced  to  less  lhan  0  I  V  450  C  or 
550  C  anneals  for  devices  unbiased  during  irradiation 

All  devices  had  TBS  instabilities  of  less  than  0  1  V  prior  to  irradiation  Following  irradiation  TBS 
instabilities  were  observed  The  measured  values  for  polvsilicon  gate  capacitors  after  an  irradiation  of  5 
Mrad  ranged  from  0  20  to  0  50  V'  (average  0  45  Vi  for  large  applied  bias  during  irradiation  and  an  aver¬ 
age  of  0  30  V  for  no  bias  Similar  results  were  observed  for  Al  gate  capacitors  For  all  tests  the  +  10  V 
TBS  curve  lay  to  the  right  of  the  —10  V'  curve  This  is  the  opposite  of  the  effect  observed  by  Peckerar 
et  a  I  1  The  reason  for  this  difference  is  discussed  below  The  effect  reported  here  has  been  called  a 
slow-trapping  instability  '  *  Replacing  the  300  C  anneal  for  1/2  hour  by  a  450  C  or  550  C  anneal, 
removed  measurable  TBS  instability  for  devices  irradiated  without  bias 

Two  types  of  interface  effects  were  noted  First,  prior  to  annealing  a  substantial  radiation  induced 
peak  in  the  A-C  conductance  (G-V)  curve  was  observed  The  peak  height  was  dose  dependent  Most 
of  the  data  could  be  fit  by  the  (dose):  '  dependence  suggested  by  Wmokur  and  Boesch  *  No  bias 
dependence  was  observed  This  is  consistent  with  the  interface  states  observed  by  Wmokur  et  al  4  but 
is  not  consistent  with  the  interface  states  observed  by  Wmokur  and  Boesch  11  In  addition,  a  radiation 
induced  softening  of  the  capacitors  was  observed  The  devices  were  irradiated,  annealed,  and  then  re- 
irradiated  The  G-V  peak  height  was  50%  larger  following  the  second  irradiation 

Second,  following  a  300  C  anneal  for  1/2  hour,  the  G-V'  peak  described  above  was  substantially 
annealed  The  remaining  peak,  which  was  roughly  1/5  as  large  as  the  peak  print  to  annealing,  behaved 
differently  and  thus  presumably  represented  a  different  type  of  interface  state  Specifically .  it  showed  a 
dependence  on  the  bias  applied  during  irradiation  The  dependence  was  small  roughly  that  observed 
for  the  TBS  instability  described  above  These  may  be  related  The  slow-trapping  instability  has  previ¬ 
ously  been  associated  with  a  growth  in  interface  states 

2  Transistors 

Trjnsislors  with  gate  oxides  ranging  from  280  A  to  1000  A  were  prepared  The  following  parame¬ 
ters  were  studied  threshold  voltage  1  F, ).  conductance  '  g„ ).  conductance  slope  (slope  of  the  v„  vs  gate 
voltage  plot)  and  subthreshold  swing  factor  <.S)  Threshold  voltage  shifts  are  encountered  after  irradia¬ 
tion  due  to  bulk  and  interface  charging  effects  In  the  low-held  regime  'before  the  transistor  enters 
saturation),  the  conductance  slope  'designated  as  e,.Jlw>  is  apprnxmately 

/-  »  1  I  1 

where 

M ,  —  electron  mobility 

i  W  j  L  )  —  transistor  width-to-length  ratio  1  W  L  > 

C'„  —  oxide  capacitance 

Degradation  in  is  caused  bv  drop  in  n  „ 

scattering  attributed  to  interface  damage  nr  to 
face  The  subthreshold  swing  factor  is  defined 

S  -  Ji  „/  i/f  log  /„  t 

where 

f  ,  —  gate  v ullage 

/,  ~  dram  source  surrent  measured  beam  ihresnmd 


This  lowering  oi  ^ ,  aimes  about  due  to  m>.reuse  surface 
interface  vhatge  nr  to  Coulomhit.  .enters  near  the  mic¬ 
as 


Degradation  in  subthreshold  sensiti vit\  ean  also  be  explained  in  terms  of  interface  state  growth 
Consider  the  following  expression  for  the  reciprocal  of  substrate  swing  <  the  subthreshold  sensitiv  ity  fac¬ 
tor)1-' 

±  l0S  _ ± _ C'm  ,  }  , 

d  Ck,  k  T  Cnx  +  ('„+■  („ 

where 

q  —  electron  charge. 

k  »  Bolt/mann  constant. 

C ,  =“  oxide  capacitance. 

C'h  —  bulk  capacitance. 

Css  ”  interface  state  capacitance 

Increase  in  makes  it  more  difficult  to  reduce  ljx  for  a  given  gate  voltage  swing  The  interface  state 
term  prevents  the  gate  from  controlling  hulk  and  interface  leakage 

The  total  amount  of  threshold  shift  is  strongly  dependent  on  oxide  thickness  This  is  indicated  in 
Fig  2  The  threshold  shill  is  given  as  a  (unction  of  channel  width  lor  the  three  oxide  thicknesses  stu¬ 
died  All  oxides  received  a  450  C'  V,  anneal  for  1/2  hour  White  the  1000  \  data  ranged  from  200  in 
300  mV  in  post-irradiation  shift,  the  500  A  data  averaged  about  l''  mV  The  250  ^  oxides  were 
between  50  and  "’5  mV'  alter  anneal  The  shifts  were  negative,  corresponding  to  positive  insulator 
charging  A  trend  was  observed  relating  channel  width  to  threshold  shift  In  5  out  of  4  of  the  oxide 
thicknesses  studied,  the  narrowest  gate  has  the  least  threshold  shift 

The  gu  term  also  demonstrated  marked  oxide  thickness  dependence  The  1000  \  oxides  always 
showed  most  significant  degradation  A  typical  post  450  C  \-  anneal  result  is  shown  in  Fig  3  For  the 
widest  channel  studied  (?0  gm).  almost  s()  1  degradation  in  /x,  is  encountered,  according  to  F.q  'I) 
Channel  widths  less  than  lOgim  exhibited  less  effect  For  2k0  A  oxides  the  degrading  effect  (although 
present  to  some  extent)  was  almost  completely  annealed  awjv  'see  Fig  4i  There  was  no  observable 
trend  relating  channel  length  to  es„ipc  degradation  This  is  seen  quite  clearlv  in  Fig  5 

For  all  oxides  studied,  there  was  a  degradation  in  S'  Fven  m  the  thinnest  oxide,  degradation  >t 
subthreshnld  leakage  was  observed  alter  4s<)  (  .mneal  This  is  seen  m  fog  n  where  subthreshold  swing 
is  plotted  against  channel  width  Degradation  ranges  from  Id  to  35 

Co”"  total  dose  experiments  were  also  performed  on  the  transistors  studied  These  data  ate 
presented  in  Fig  '  Again,  the  width  dependent  trend  could  he  observed  The  narrowest  channels 
i<  In  (a m i  showed  least  degradation  f  airly  small  degradation  was  encountered  utter  Id  Krad  exposure 
sir  die  '  wide  channels  'always  'ess  ban  about  2dt)  mV'  Somewhat  farcer  degradation  was 

■encountered  lor  the  wide  devices  <m  one  .ase  a  hi  ut  4'd  mV  •  Smce  'hese  lata  were  obtained  under 
nias  :  -s  difficult  to  uimpurc  these  data  with  the  soli  x-r.n  results  The  soft  x-mv  results  were  obta  tied 
•con  :ne  cites  unattached  during  irradiation  1  hese  results  are  shown  to  llustrite  that  the  width  depen 
den:  Tend  observed  was  present  even  m  gate-biased  irradiafon 

IV  DISCI  SSION 

I  he  iniital  x  r.cv  lithographic  exposure  ..toes  areer  iT"tjnt«  o 
’  he  nsuutof  low  temperature  .nine  us  'too  i  \  •  -■  cnfa.u't  »  '•ed 

•  ."iters  n  the  "isinator  If-  w.-ver  even  ifc"  oc  ut  mne.i  >  •  w  : ■  .  ; 

1 1  i n  ' t o r s  T  T i s  uici 'c  a t e s  the  n  r  e  se  u ,  e  > !  M ; , ; s  : h  -. 1 '  .  ■  •  ; '  v 

\fer  4  -  *  I  (  anneals  m  v  fill  1  2  "our  this  ns’ah-  .  •  »  -a  ■•tc"’ 

t  i  V  nte'dic  .  date  peak  s  si  fl  not  inn-siivd  iw  I  "as  ' 

seeni  n>  d  sappear  alter  ume.tl  'eavu.c  '"erf  e  y  "  n 


v.v, 


"  •  *  -  •  4 

v.vN- 


:-C:-d 


*„  .• 
*  V".' 


I 


i 


•■A 


A 


-  « 

S  ."V 
. **• 


mV.  while  transistor  threshold  shifts  are  larger  (200-300  mV)  Thresholds  are  more  sensitise  to  inter¬ 
face  charging  effects.  This  is  also  consistent  with  the  fact  that  the  most  severly  degraded  transistor  pro¬ 
perties  <^siope  and  5).  are  largely  determined  by  interface  quality 


Analysis  of  Fig.  2  yields  more  information  on  the  amount  and  distribution  of  insulator  charge 
Replotting  the  threshold  shift  vs  oxide  thickness  data  for  a  given  channel  width  on  a  log-log  -.cale  yields 
best  fit  straight  lines  whose  slope  is  always  less  than  I  5  Simple  electrostatic  considerations'1  indicate  a 
uniform  bulk  charging  mechanism  would  yield  a  quadratic  dependence  of  the  A  l  vs  oxide  thickness 
curve  This  would  give  a  slope  2  on  the  log-log  plot  A  fixed  interface  charge  would  yield  a  linear  A  C 
vs  rn,  curve  (slope  1  on  log-log  scale).  The  best  model  explaining  the  observed  data  would  be  that  the 
F,  shift  is  dominated  by  the  interface  charge,  with  a  small  second  order  component  due  to  residual  bulk 
charge 

Based  on  this  approach,  we  have  fit  that  data  to  an  expression  of  the  form 
A  V,  -  ai,»  +  bt;x.  <41 

where 


-  oxide  thickness 
a  —  surface  charge  related  constant 
b  —  bulk  charge  related  constant 
As  shown  in  Grove  1 1 

a-JL 

where 


Q  -  interface  charge  present  at  threshold. 

«,,,  —  permittivity  of  the  oxide 

A  table  showing  the  interface  charge  present  at  threshold  for  each  channel  width  studied  is  given  in 
Table  1  The  bulk  term  data.  b.  is  such  that  it  never  caused  more  than  a  20  change  in  A  l  These 
data  are  small  and  are  not  given  here 

Table  I  —  Surface  Charges  Induced 
hv  Soli  X-Rays 


(  hannel  Width 

Surface  Charge 

'n  m  t 

<  #  /  c  m  • ) 

> 

3  4  v  ID'" 

HI 

'  .3  *  ID  ' 

Inspection  of  Table  1  indicates  the  narrowest  channel  had  least  interface  charge  growth.  Interface 
charge  growth  ranged  from  3  x  It)1"  siaies/cm:  to  7  x  10!"  states/cnr\  It  is  interesting  to  note,  that  the 
growth  in  interface  states  obtained  from  degradation  in  5  < Fig.  5  and  Eg.  (21)  averages  1  x  10! 
siates/cnr  over  the  range  of  studied  widths  shown  in  Fig  5.  This  is  obtained  by  assuming  an  initial 
interface  charge  of  1  x  10in  states/cm:  las  inferred  from  G-V  peak  height  analysis  on  capacitors) 

Production  of  interface  states  during  irradiation  has  been  analyzed  by  McLean.1'  The  model  pro¬ 
posed  involves  the  transport  of  radiation-mobilised  bulk-resident  ions  to  the  oxide-semiconductor  inter¬ 
face.  This  model  implies  a  r*,  dependence  to  the  threshold  shift  data.  In  this  study,  the  quadratic 
dependence  was  not  observed  This  is  probably  due  to  immobilisation  of  liberated  ions  by  the  anneal 
prior  to  measurement.  Immobilised  ions  cannot  drift  to  the  interface  to  cause  interface  states  produc¬ 
tion  Ions  may  still  be  implicated  in  the  interface  state  growth  observed  here  These  ions  would  come 
from  the  immediate  vicinity  of  the  damaged  interface  and  would  not  contribute  added  thickness  depen¬ 
dence. 

No  length  dependence  to  the  radiation  effects  was  observed  in  threshold  shift  or  in  g,lopc  degrada¬ 
tions.  Since  the  source  and  drain  nodes  were  grounded  and  the  gate  was  unattached  during  irradiation, 
one  might  not  expect  a  large  field  in  the  oxide  or  a  field  which  changed  significantly  with  channel 
length  The  n*  source-drain  implant  further  acts  as  a  "guard-ring"  to  prevent  field  variation  along  the 
gate  length  This  does  not  mean  that  there  is  no  field  in  the  oxide  during  soft  x-ray  lithographic  irra- 
diaiton  There  may  be  residual  charges  due  to  the  processing  environment.  There  may  also  be  work 
function  potential  drops  across  the  insulator  As  in  standard  narrow  channel  modeling,  the  field  near 
the  width  extremes  is  less  than  in  the  center  of  the  channel.  Reduced  field  creates  less  radiation 
induced  insulator  charging  For  narrow  channels,  this  effect  is  more  obvious  Thus,  one  would  expect 
that  the  radiation  effect  would  be  less  lor  narrow  channels  Data  derived  here  supports  this  observa¬ 
tion  Data  has  appeared  in  the  literature4  which  indicated  opposite  effects  can  be  observed  for  VIOS- 
FETs  of  similar  dimensions  This  data  was  obtained  on  self-aligned  field  MOSFFTs  In  the  self-aligned 
field  case,  a  part  of  the  radiaiton-sofier  field  oxide  becomes  a  part  of  the  active  FFT  14  Also,  the  local 
stress  present  near  the  self-aligning  nitride  boundary  may  cause  even  further  softening  of  the  oxide 
around  the  field  boundary  In  these  cases,  the  width-extremes  of  the  FFT  would  become  very  soft 
For  narrow-channel  devices,  this  region  would  dominate,  explaining  the  observed  results  on  sell-aligned 
field  devices  done  in  other  laboratories  4 

As  mentioned  above,  previous  work  indicated  that  soft  x-ray  irradiations  enhanced  the  mobiliza¬ 
tion  of  positive  charge  ’  This  was  not  observed  in  the  present  experiment  The  emphasis  of  the  work 
in  Reference  3  was  to  studv  the  influence  of  oxidation  conditions  on  radiation  response  M.inv  of  the 
oxidations  employed  were  not  of  the  type  suitable  for  radiation-hard  processes  To  mobilize  ionic 
charge  and  create  positive  charge  instability,  ionic  centers  must  be  present  m  the  oxides  The  oxides 
used  in  the  study  presented  here  apparently  did  not  have  these  ionic  centers  present  This  underlines 
the  fact  that  oxides  grown  in  different  laboratories  and  under  different  conditions  may  exhibit  different 
radiation  responses 

V.  CONCLUSIONS 

The  conclusions  drawn  from  this  work  in  soli  x-r.n  exposure  are  similar  to  those  drawn  previ¬ 
ously  by  \itken  The  damage  levels  observed  here  are  not  so  severe  as  to  preclude  K  technology  util¬ 
izing  x-ray  lithogrjnhy  However,  care  must  he  taken  m  device  modeling  to  iccoum  lor  ithoerupny  - 
induced  parameter  shifts 

Specifically  care  must  be  exercised  in  accounting  tor  interlace  reiaied  llects  \i  'ho-slnnd  we 
usually  observe  charges  amounting  to  shout  (>  <  I1)  st.iics/v  nr  I  his  tends  in  reduce  election  i’i-'I'iI 
•Iv  tor  'hin  oxides  <-  ?M)  \  i  the  most  severe  duet  relation  is  m  Mimhr  .-s'l.iicl  !  \ikaee  I  tic  i  case  .  i|  as 
much  as  >'  in  siihihreshold  swing  w.is  ohs  -rved  Inhich  Icttsii1.  \  I  si  p'n-.r  lissip.uion  s  'n  "uni 
cases  i  dominated  he  suhi  hr-'shoid  swing  In  sue  ft  ,  i«s  *  i.  ' : :  l"i"  u  v  would  cause  i.uec  sic  reuses 
in  power  dissipation  f  ills  on  I  :  ise  mu  >V  „  ,-un  -d  f  i  ’■  ,  ■.  a  ■  1 ,1  ’ll 1 1  I  .  rid  •  •’  I  dv  1 1 
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FUAT  BAND  VOLTAGE  SHIFT 

F'8  I  —  Flaiband  shifts  in  1000  A  gate  oxide  polvsilicon 
capacitors  as  a  function  of  insulator  field  All  capacitors  re¬ 
ceived  300  C  anneals  in  V,  for  1/2  hour  As  expected,  the 
larger  biases  created  larger  flaiband  shift  The  bar 
represents  the  lull  range  flatband  variation  for  5  capacitors. 
Unbiased  devices  did  show  unannealed  shifts  after  5  Mrad 
(SiO,)  exposures 


Fig  2  —  Threshold  shifts,  as  a  function  of  **  ceom  ,  K 
iransistors  ol  different  oxide  thickness  A  strong  depen¬ 
dence  of  threshold  shift  on  oxide  thickness  is  observed 
There  is  a  «euk  channel  width  dependence  In  ail  .axes 
•  except  me  dag  \  case'  the  5  /am  width  had  least  unatt- 
nealed  f  >hilt 
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Fig  3  -  Marked  degradation  in  *rsllipe  noted  tor  the  wide 
channel  devices  This  large  degradation  is  seen  in  10 00  A 
oxides  only 
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Fig  4  —  (  .inductance  slope  showed  little  post-anneat  de¬ 
gradation  regardless  of  width  for  the  250  A  gate  oxide  sain 
pie  Results  here  represent  an  average  ol  3  devices 
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Repetitively  pulsed-plasma  soft  x-ray  source 


David  J.  Nagei,  Charles  M.  Brown,  M.  C.  Peckerar,  Marshall  L.  Ginter, 
J.  A.  Robinson,  Thomas  J.  Mcllrath,  and  P.  K.  Carroll 


A  10-Hz  Nd:YAG  laser  system  with  0.6-J,  25-nsec  pulses  was  used  to  produce  plasmas  which  emitted  strong¬ 
ly  in  the  soft  x-ray  region.  Spectral,  temporal,  and  spatial  characteristic's  of  these  plasma  emissions  are  pre 
sented  together  with  an  application  of  the  source  to  soft  x-ray  lithography 


Introduction 


Lasers  with  low  pulse  repetition  rates  (less  than 
~10_1  Hz)  have  produced  high  temperature  plasmas 
when  tightly  focused  on  solid  targets.  Early  studies1^6 
showed  that  such  plasmas  yield  short,  bright  pulses  of 
radiation  with  wavelengths  extending  into  the  x-ray 
region.  More  recent  studies7  21  have  expanded  the 
characterization  of  these  plasmas’  short-wavelength 
outputs  and  have  initiated  tailoring  of  the  plasma 
conditions  and  target  materials  to  achieve  desired  types 
of  radiative  output  (e  g.,  continuum  emissions,  en¬ 
hanced  soft  x-ray  emissions).  In  particular,  plasmas 
generated  on  rare-earth  targets  have  been  developed  as 
XUV  continuum  sources  for  absorption  spectrosco¬ 
py11  12  and  their  use  as  radiometric  transfer  standards 
has  been  proposed  and  currently  is  under  investiga¬ 
tion.  A  number  of  ways  in  which  the  usefulness 

of  these  light  sources  might  be  enhanced,  including  the 
use  of  high  pulse  rates,  have  been  suggested.8  The 
present  work  describes  a  high  repetition  rate  (10-Hz) 
pulsed  plasma  source  of  short-wavelength  radiation, 
presents  observations  of  the  spectral,  temporal,  and 
spatial  characteristics  of  the  source’s  vacuum  ultraviolet 
(VUV)  and  soft  x-ray  (SXR)  outputs  for  selected  tar¬ 
gets,  and  illustrates  initial  results  obtained  from  the 
utilization  of  the  source  for  x-ray  lithography.  Ex¬ 
panded  descriptions  of  our  observations  are  available 
in  a  Naval  Research  Laboratory  technical  note.22 
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II.  Experimental  Procedure* 

The  laser  employed  in  this  work  was  an  International 
Laser  Systems  (1LS)  Nd:YAG  laser  which  produces 
25-nsec  FWHM  pulses  of  1.06-pm  radiation  with 
energies  up  to  0.8  J  and  repetition  rates  up  to  10  Hz. 
These  pulses  were  focused  by  a  glass  lens  (/  =  ~300  mm) 
through  a  Pyrex  window  onto  cylindrical  targets.  Ra¬ 
diation  emitted  by  the  plasma  passed  from  a  target 
chamber  through  a  19-mm  diam  aperture  into  an  ex¬ 
perimental  chamber,  where  the  plasma  was  viewed 
perpendicular  to  the  laser  beam.  The  experimental 
arrangement  is  illustrated  and  discussed  in  greater  de¬ 
tail  elsewhere.22 

The  source  chamber,  target  drive,  and  experimental 
chamber  have  been  described  previously.18  Briefly, 
target  cylinders  ~16-mm  diam  X  ~70  mm  long  were 
attached  to  a  stepping-motor-driven  screw,  and  the 
target  drive  usually  was  set  so  that  a  fresh  area  of  target 
material  advanced  to  the  laser’s  focal  position  before 
each  laser  pulse.1415  Targets  of  graphite  (C),  Teflon 
(CF-i),  Al,  steel  (Fe),  brass  (Cu,  Zn),  Sn,  Yb,  Hf,  and  U 
were  utilized  in  various  phases  of  our  experiments. 

The  laser  produced  single-mode  pulses  which  could 
be  tightly  focused.  Damage  craters  were  used  as  indi¬ 
cators  both  of  proper  laser  operation  and  of  attainment 
of  best  focus.  Crater  diameters  were  ~130  pm  for  low 
power  shots  on  refractory  targets  and  on  plastic  tape, 
which  is  an  upper  bound  on  the  minimum  focal  spot 
diameter.  For  25-nsec,  0.6-J  pulses  focused  to  130  pm 
the  lower  bound  on  the  averaged  irradiance  would  be 
—2  X  1011  W/cm2/pulse.  For  a  perfect  lens  and  a 
TEMtg)  beam  we  estimate  the  spot  diameter  would  be 
~30  pm,  which  places  an  upper  bound  on  the  irradiance 
of  ~5  X  1012  W/cm2/pulse  for  the  same  pulse  power  and 
duration. 

Spectra  were  recorded  in  the  30  1.4-nm  (40  900-eV I 
range.  In  the  longer  wavelength  region  (X  >  ~3  nm), 
spectra  were  obtained  using  a  1-m  grazing-incidence 
spectrograph2-1  with  a  10-pm  entrance  slit  and  a 
1200-lines/mm  grating.  A  rubidium  acid  phthalate 
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VARIATION  IN  LENS-TARGET  SEPARATION 


Fig.  l.  Variation  of  i-ray  diode  signal  (volt*)  with  focusing  lens  to 
target  distance  for  an  aluminum  target  irradiated  with  500  mJ/ pulse 
at  a.IO-Hz  pulse  rate.  A  point  represents  the  average  of  five  output 
pulses  with  the  error  bar  indicating  one  standard  deviation. 


READING  NUMBER 


e  * 


e  m  •  • 

•  •  e  •  • 

i  •  •  •  • 


e  •  • 

**  .  •*! 


Fig.  3.  Variation  of  x-ray  diode  signal  (volts)  with  time  for  plasma 
pulses  produced  from  a  stationary  aluminum  target.  Irradiation  and 
readings  as  described  for  Fig.  2.  Points  represent  three  run  averages 
with  one  standard  deviation  error  bars 
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lium  was  tried  but  failed  to  sense  emission  in  its 
<1.2-nm  (>l-keV)  bandpass. 
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Fig.  2.  Variation  of  x-ray  diode  signal  (volts)  with  time  for  plasma 
pulses  produced  from  a  rotating  aluminum  target  irradiated  with  500 
mJ/pulaeat  10  Hz.  Readings  were  taken  of  the  output  at  4.2-sec  in¬ 
tervals  (see  text). 


crystal  spectrograph23  was  used  in  the  shorter  wave¬ 
length  region.  Both  instruments  used  Kodak  101  film 
to  record  spectra.  In  addition,  short-wavelength 
(~2.5-80-nm  bandpass)  images  of  the  plasma  were  re¬ 
corded  on  lOTfilm  using  a  pinhole  camera  (50-jzm  pin¬ 
hole  covered  by  a0J»Mm  A1  film).  Time  histories  of  the 
soft  x-ray  (SXR)  emissions  were  recorded  using  an  x-ray 
diode24  (active  area  ~0.5  cm2)  with  an  A1  (actually 
AI2O3)  photocathode  covered  by  a  1  -fim  thick  poly¬ 
propylene  filter.  An  x-ray  diode  (XRD)  so  filtered  has 
most  of  its  response  in  the  14-4.3-nm  (90-284-eV)  XU  V 
region.24  A  silicon  PIN  diode  behind  13  nm  of  beryl- 


The  time  variation  of  the  XUV  emission  measured 
with  the  XRD  was  similar  to  that  of  the  laser  pulse 
(25-nsec  FWHM).  Typical  variations  in  the  source's 
XUV  intensity  with  lens  to- target  separation,  with  time, 
and  with  multiple  pulses  on  a  single  target  spot  are  il¬ 
lustrated  in  Figs.  1-3,  respectively,  for  0.5-J  laser  pulses 
on  aluminum  targets.  It  can  be  seen  from  Fig.  1  that 
the  filtered  XRD  output  is  not  strongly  dependent  on 
focal  conditions,  which  is  similar  to  previous  observa¬ 
tions  at  longer  VUV  wavelengths1415-21  but  different 
from  the  more  stringent  dependence  on  focal  conditions 
observed25  in  the  production  of  harder  x  rays.  Data  in 
Fig.  2  are  values  taken  from  a  storage  oscilloscope  which 
sampled  the  XRD  output  at  4.2-sec  intervals  as  the  laser 
pulsed  at  10  Hz  and  the  target  rotated  to  provide  a  new 
target  area  to  the  laser  before  each  pulse.  The  scatter 
in  Fig.  2  is  significantly  greater  than  variations  in  the 
laser’s  output  in  similar  conditions  and  there  appears 
to  be  a  gradual  decrease  in  the  XRD  output  with  time. 
In  Fig.  3  data  were  taken  at  4.2-sec  intervals  as  in  Fig. 
2,  but  the  target  was  stopped  and  the  laser  allowed  to 
strike  the  same  target  spot  at  10  Hz. 

While  the  data  presented  in  Figs.  1-3  are  specific  to 
aluminum  targets,  the  trends  illustrated  are  encoun¬ 
tered  in  the  other  target  materials  studied.  The  slow 
decrease  in  apparent  output  with  time  noted  specifically 
in  Fig.  2  may  be  due  to  slight  coating  of  the  detector 
window  by  evaporated  materials  (see  below).  The 
initial  rise  and  eventual  fall  in  output  for  multiple  pulses 
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tively.  The  spectra  illustrated  in  Fig.  5  required  ex¬ 
posure  times  in  the  2- 12-sec  range  at  10  Hz,  while  the 
spectrum  in  Fig.  6  required  an  exposure  time  of  100  sec. 
For  the  target  materials  studied,  the  X  >  3-nm  spectra 
taken  with  the  present  laser  system  do  not  differ  ap¬ 
preciably  from  analogous  spectra  obtained  using  higher 
peak  power  ( 1  -5-J/pulse)  lasers  with  lower  pulse  repe¬ 
tition  rates.'2-9 
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Fig.  4.  Pinhole  photographs  in  XUV  radiation  from  two  targets  ir 
radiated  from  the  top  of  the  figure  with  (a)  10  pulses  at  600  mJ/pulse. 
(b)  20  pulses  at  300  mJ/pulse,  and  (c)  240  pulses  at  25  mJ/pulse. 


on  a  single  spot  shown  in  Fig.  3  may  be  due  to  initial 
confinement  followed  by  increased  obscuration  of  the 
plasma  in  a  deepening  damage  crater.  Pinhole  camera 
images  in  Fig.  4  show  that  the  plasma  plumes  producing 
2-80-nm  radiation  from  fresh  target  surfaces  were 
smaller  than  1  mm  in  extent  for  the  laser  pulse  energies 
available. 

Representative  examples  of  spectra  obtained  from 
several  target  materials  with  the  grazing  incidence  and 
crystal  spectrographs  appear  in  Figs.  5  and  6,  respec- 
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Fig.  6.  Densitometer  trace  of  the  Ne  like  iron  spectrum  obtained 
from  the  plasma  source  (steel  target)  using  a  crystal  spectrograph 
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Fix  •r>  Typical  spectra  obtained  from  the  plasma  source  iisinc  a  I  m  Krazint:  incidence  spectrograph  I  he  target  elements  appear  at  the 
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Figure  5  illustrates  the  variety  of  VUV  emissions 
available  from  the  source  using  low,  intermediate,  and 
high  atomic  number  (Z)  target  materials.  Low  Z  ma¬ 
terials  such  as  carbon  provide  sparse  but  well-defined 
emission  spectra  from  hydrogenlike  and  heliumlike  ions. 
The  C  VI  and  C  V  spectra  are  apparent  in  all  orders  up 
to  sixth  in  the  top  band  of  the  figure.  The  aluminum 
spectrum  contains  lines  from  numerous  stages  of  L  -shell 
ionization  and  represents  an  example  of  complex  line 
emissions.  The  still  more  complex  Fe  spectrum  is 
representative  of  the  emissions  observed  using  inter¬ 
mediate  Z  target  materials,  which  tend  to  display 
compacted  line  spectra  overlaying  weak  continue.  Fi¬ 
nally,  high  Z  materials  tend  to  produce  continue  over¬ 
laid  by  weak  and  sometimes  sparse  line  spectra.  The 
Yb  spectrum  in  Fig.  5  is  typical  of  the  rare  earth  con¬ 
tinual  15  which  in  part  results  because  open  dnfm  con¬ 
figurations9  are  predominant  in  the  electronic  structures 
of  the  ions  produced  in  these  plasmas.  The  rare-earth 
continua  generated  using  higher  energy  per-pulse  lasers 
are  adequate9- 13  for  use  as  background  continua  in  ab¬ 
sorption  spectroscopy,  and  our  lower  per-pulse  energy 
system  produces  comparable  results.22 

Figure  7  illustrates  the  variation  of  the  source's  XUV 
output  with  laser  pulse  energy  for  several  elements  using 
the  filtered  XRD  as  the  detector.  The  per  pulse  laser 
energy  threshold  for  production  of  measurable  XRD 
signals  was  in  the  25-50- mJ  range.  As  can  be  seen  in 
Fig.  7,  the  targets  with  the  lowest  (C)  and  highest  (U) 
atomic  numbers  produce  approximately  linear  increases 
in  XRD  signal  with  increasing  laser  energy,  while  SXR 
outputs  from  targets  of  intermediate  Z  elements  satu¬ 
rate  or  possibly  decrease  at  the  higher  per-pulse  ener¬ 
gies.  The  per-pulse  XUV  intensity  did  not  vary  sig¬ 
nificantly  for  operation  at  1  or  10  Hz.  Spectra  taken22 
as  the  per-pulse  energy  was  increased  showed  that  the 
ionization  stage  of  the  emitters  also  increased,  reflecting 
an  anticipated  collateral  increase  in  plasma  tempera¬ 
ture. 

Damage  craters  produced  by  the  laser  were  largest  in 
materials  which  vaporize  readily  and  crater  depths  in¬ 
creased  with  increasing  per  pulse  energy.  Crater  depth 
also  was  found  to  depend  on  the  laser’s  pulse  repetition 
rate,  possibly  because  of  the  laser’s  mode  of  operation. 
In  the  ILS  system  the  amplifier  flashlamps  are  pulsed 
continuously  at  10  Hz  regardless  of  the  Pockels-cell- 
controlled  laser  output  rate.  For  laser  rates  <  10  Hz,  low 
energy  (~9-jtJ)  superradiant  pulses  from  the  amplifier 
rods  reach  the  target  from  the  flashlamp  pulses  between 
laser  firings  and  produce  minicraters  into  which  the 
laser  pulse  subsequently  falls.  Although  the  superra¬ 
diance-produced  cratering  is  very  small,  this  prepulse 
alteration  of  the  target  surface  affects  the  size  and  depth 
of  the  crater  produced  by  the  lasing  pulse.  Figure  8 
shows  reproductions  of  scanning  electron  micrographs 
of  craters  in  aluminum  produced  when  the  laser  was  run 
at  1-,  5-,  and  10-Hz  rates.  Substantially  deeper  craters 
are  produced  at  the  lower  rates,  with  a  collateral  in¬ 
crease  in  material  ablated  from  the  target. 

Target  debris  and  vaporization  products  generated 
together  with  the  plasmas  can  be  a  significant  consid- 


Fig.  7.  Dependence  of  soft  x-ray  output  on  laser  pulse  energy  and 
target  material  for  10-Hz  pulse  rates.  Data  points  (shown  for  C.  Yb. 
Fe,  and  U  only)  are  averages  of  five  or  more  pulses  while  error  bars 
represent  one  standard  deviation. 


Fig.  8.  Scanning  electron  micrographs  of  craters  in  aluminum  pro 
duced  at  1  , 5  .  and  10-Hz  main  pulse  repetition  rates  (see  text).  The 
right  hand  panels  are  5x  enlargements 
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Fig.  9.  Relative  positions  (top)  of  the  target  and  the  plastic  ablation 
product  catcher  in  the  photograph  (bottom)  which  shows  interference 
fringes  produced  by  a  thin  film  of  ytterbium  (see  text). 
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Fig.  10.  Photomicrograph  of  a  replica  in  photoresist  of  the  gate  level 
mask  for  a  large-scale  dynamic  shift  register  made  using  soft  z  rays 
from  the  source  operating  «l  ill  Hz 

eration  in  applications  using  a  laser  plasma  light  source. 
The  ablation  products  are  distributed  over  a  wide  cone 
angle  with  deposition  found  even  at  right  angles  to  the 
incident  laser  beam.  An  example  of  the  pattern  of 
ablation  products  observed  above  a  Yb  target  is  shown 
in  Fig.  9.  The  debris  in  Fig.  9  was  collected  on  a  flat 
plastic  sheet,  with  a  hole  to  admit  the  laser  beam,  placed 
5  cm  from  the  focal  spot  on  the  target  Interference 
rings  produced  hv  varying  thicknesses  of  vaporized  yt¬ 


terbium  are  clearly  visible  in  the  figure,  while  a  small 
amount  of  particle  debris  in  a  central  ring  near  the 
target  normal  is  less  evident. 

Experiments  were  performed  to  investigate  the 
source’s  utility  for  SXR  lithography.  We  used  the 
positive  resist  polybutene  sulfone  (the  resist  was  spun 
on  50- mm  diam  silicon  wafers  in  layers  0.3  pm  thick  and 
baked  by  conventional  procedures)  and  mask  patterns 
of  0.7-pm  thick  gold  on  2-pm  polyimide  membranes. 
Photoresist  coated  wafers  were  masked,  exposed  to  light 
with  restricted  wavelengths  (see  below)  from  the  plasma 
light  source,  and  then  developed  by  conventional 
techniques.  Figure  10  reproduces  the  photomicrograph 
of  a  portion  of  a  test  chip  showing  the  gate  level  from  a 
large-scale  dynamic  shift  register  made  by  this  process 
using  a  20-min  exposure  at  10  Hz  employing  a  steel 
target.  The  source's  output  wavelength  distribution 
and  mask  absorption  combined  to  limit  our  resist  ex¬ 
posing  wavelengths  primarily  to  the  ~8-4.3-nm 
(150-284-eV)  region,22  which  is  near  the  5-nm  region 
suggested26  as  having  potentially  the  best  compromise 
of  resolution  to  contrast  for  masked  photoresist  based 
lithographs. 

IV.  Summary 

We  have  employed  a  modest  energy,  high  repetition 
rate  laser  as  a  driver  for  a  laser-plasma  light  source  and 
have  presented  data  on  the  following:  ( 1 )  the  charac¬ 
teristics  of  the  source’s  SXR  output  as  functions  of  laser 
focus,  source  operation  time,  number  of  pulses  per 
target  spot,  target  material,  laser  energy,  and  driver 
pulse  repetition  rate;  (2)  the  plasmas'  spectral  output 
in  the  30-1.4 -nm  region,  with  emphasis  on  conditions 
generating  predominantly  many  line  or  predominantly 
continuum  spectra;  (3)  laser-produced  damage  of  the 
target  and  ablation  of  target  vapor  and  debris;  (4)  the 
lithographic  preparation  of  test  chips  using  the  light 
source  and  ~8— 4.3-nm  radiation. 
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I.  INTRODUCTION 


Interest  in  the  production  of  hne-seale  struetures  vcith  dimensions  ol 
about  1  /mi  or  less  cuts  a  wide  swath  through  setenee  and  technologv  |l  4] 
li//ti'  i/t't/ies  are  of  greatest  interest,  with  mieroeleetrome  circuits  having 
overwhelming  eonimereial  importance  [5]  Attention  to  other  classes  ol 
active  micTodcv ices  is  increasing  as  electronic  device  patterning  and  pro¬ 
cessing  techniques  are  applied  to  produce  active  acoustic  and  other  me¬ 
chanical  nnerodr'v  ices  [h]  /'i/wir  mu  rn\inn  now  can  channel  racha'ion 
and  orient  matter  1  or  example.  diffraction  grating  plates  are  emploved  in 
vrav  cipnes  to  disperse  spectra  and  locus  radiation  ["]  I  me-seale  coded 


apertures  and  test  patterns  are  user)  in  plasma  diagnostics  and  other  areas 
|S]  Mieropatterns  on  a  surface  provide  a  means  ol  orienting  cells  [4]  In 
short,  them  are  a  I  reads  numerous  reasons  for  producing  submicrometer 
structures,  and  the  list  is  growing  raptdlv 

Production  or  replication  of  microdev  ices  and  structures  can  be  accom¬ 
plished  bv  a  wide  varietv  ot  lithographic  techniques  I  hese  can  be  catego¬ 
rized  according  to  the  means  of  pattern  definition  and  the  tv  pc  of  cnergv  that 
actuallv  produces  the  pattern,  as  indicated  m  1  ig  I  [10]  I  he  sensitive 
material  in  which  the  pattern  is  produced  can  be  irradiated  with  photons  in 
the  few-electron-volt-to-the-few-kilo-electron-volt  region,  electrons  usuallv 
in  the  5-50-keV  range  or  ions  in  the  20- 200-kcV  range  I  he  actual  pattern 
can  be  produced  bv  programmed  motion  of  a  focused  beam.  b>  a  proicvtcd 
image.  or  bv  the  radiation  that  passes  through  a  nearbv  mask  (  H  the  photon 
techniques,  ultraviolet  (optical)  projection  lithographs  is  verv  impi'rtant 
commercialls.  although  the  optical  proxmutv  technique  is  still  widelv  used 
I  oeused  electron-beam  (direet-write)  lithographs  is  well  developed,  and 
machines  are  commercialls  available,  focused  and  masked  ion-beam  li¬ 
thographies  are  still  under  development.  Direct-write  electron-  and  ion- 
beam  lithographies  offer  submicrometer  resolution  but  are  too  slow  for  mass 
production  of  chips.  However,  thev  will  be  used  for  production  and  repair  of 
masks  for  \-ra>  and  llood-ion-beam  lithographies,  (ieneral  reviews  of 
lithographic  techniques  are  available  [  1 1  -20]. 

I  he  relentless  drive  for  smaller  and  denser  integrated  circuits,  with  the 
attendant  benefits  of  higher  speeds,  lower  cost  per  function,  and  greater 
vields.  will  make  the  use  of  high-resolution  (submicrometer)  lithographs  a 
necessitv  if  current  trends  continue.  Present  commercial  Imewidths  of  about 


Hu  I  I  ithogTaphu  U\  hmqiK's  arraved  h\  the  method  o!  pattern  toniiaiion  atul  the  ^punta 
that  vdiiM1  resist  exposure  M  rom  Nagel  (ID)  I 
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I  y/m  are  far  from  the  limiting  resolution  of  resists,  which  is  near  (Mil  //m 
Optieal  lithographs  continues  to  advance.  hut  diffraction  provides  a  tunda- 
mental  harrier  to  its  use  lor  linewidths  below  about  0  1  uni  I  his  is  most 
easily  seen  for  proximity  printing,  in  which  the  diffraction  angle  for  radia¬ 
tion  of  wavelength  /  and  linewidth  /)  is  approximately  n  /  l>  I  he 
resulting  blurring  at  the  resist  is  H  OS.  where  S  is  the  mask-to-resist 
separation  typically.  /.  0.3  gm  and  ,V  30 y/m.  so  H  =  3  y/m  for 
I)  -  3/im  I  he  use  of  high-quality  lenses  and  small  fields  lor  projection 
printing  is  necessary  to  reduce  diffraction  blurring  Photoresist  nonhneari- 
ties  ameliorate  diffraction  effects,  but  the  point  remains  that  optical  lithogra¬ 
phy  may  not  be  commercially  useful  at  linewidths  below  around  0.35  -  (i  s 
/mi  even  though  it  can  produce  smaller  lines  with  special  care 

It  is  conceivable  that  despite  the  availability  of  lithographic  techniques 
with  resolution  below  0.1  y/m  and  other  appropriate  characteristics,  verv 
fine  scaie  microcircuits  will  not  attain  widespread  usage  and  commercial 
importance.  As  discussed  in  other  chapters  in  this  volume,  appropriate  dry 
processing  methods  must  be  available  to  transfer  the  lithographically  pro¬ 
duced  patterns  during  VI  SI  circuit  production  Single-event  upset  due  to 
cosmic  rays  or  radiation  from  packaging  may  set  a  practical  limit  on  circuit 
dimensions  [21]  Substrate  defects  are  increasingly  important  as  device 
dimensions  shrink  [22.23)  f\en  in  the  absence  of  these  limitations,  other 
factors  will  eventually  halt  further  reduction  of  integrated  circuit  dimen¬ 
sions  below  around  0.01  y/m.  Interactions  between  devices  and  noise  are 
among  the  ultimate  problems  [2  3.24]  However,  structures  with  scales 
below  0.1  i/m  will  be  of  use  in  other  areas  of  science  and  technology,  no 
matter  what  the  si/e  limits  on  microcircuits  turn  out  to  be  It  is  presumed 
here  that  there  is  a  w  indow  between  roughly  0.5  and  0.0 1  //m  where  circuits 
and  structures  will  fie  produced  hv  techniques  other  than  optical  lithographs 
[24a] 

Of  all  the  lithographic  techniques  now  in  use  or  underdevelopment,  only 
proximity  printing  with  short  wavelength  (x-ray)  photons  is  treated  in  this 
chapter  It  is  believed  by  many  people  that  x-ray  lithography  will  eventually 
supplant  both  proximity  and  projection  ultraviolet  lithographies  as  the 
primary  commercial  replication  tool.  Several  major  companies  have  in¬ 
vested  heavi'-  in  x-ray  lithography  research  and  development  1  ven  if 
optical  lithography  remains  in  use  for  linewidths  near  I  .//m.  x-rav  lithogra¬ 
phy  may  fie  the  technique  of  choice  tor  mass  production  of  critical,  leading- 
edge  submiuometer  circuits  for  computers,  memories,  signal  processors, 
anil  other  maior  applications  At  pre.ent.  x-ray  lithography  is  being  em¬ 
ployed  commercially  with  relatively  low  brightness  sources.  I  he  plasmas 
discussed  in  this  chapter  mav  find  use  as  second-generation  x-ray  lithogra¬ 
phs  sources  in  5  to  10  years 
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Background  information  on  x-ray  lithographs  is  provided  in  the  next 
section  Then  the  locus  is  narrowed  to  sources  of  x  rays  for  lithography. 
These  fall  into  three  major  classes  [25,25a]:  electron-impact  devices,  accel¬ 
erator  and  storage  ring  sources  of  sy  nchrotron  radiation,  and  multimillion- 
degree  plasma  sources.  E  ach  is  discussed  in  turn  E  lectron-impact  devices 
are  already  employed  in  prototype  and  early  production  x-ray  lithography 
systems  Intense  research  is  now  being  done  on  higher-brightness  synchro¬ 
tron  radiation  and  plasma  sources.  Much  smaller  and  cheaper  sy  nchrotron- 
radiation  sources  than  are  now  being  used  for  research  may  fie  developed  in 
the  next  decade.  If  so.  they  could  hnd  routine  use  by  large  companies. 
Plasma  sources  may  be  small  and  low-cost  enough  to  find  widespread  use. 
Major  problem  areas  for  both  sy  nchrotron  radiation  and  plasma  sources  are 
summarized  in  the  final  section  The  Appendix  is  a  discussion  of  techniques 
for  measurement  of  the  spectral,  spatial,  and  temporal  characteristics  of 
x-ray  lithography  sources. 


II.  X-RAY  LITHOGRAPHY 

The  potential  of  x-ray  lithography  has  long  been  recognized.  The  initial 
demonstration  was  performed  by  Spears  and  Smith  [26]  over  a  decade  ago. 
Presently  envisioned  advantages  of  x-ray  lithography  include  [27] 

1 .  high  resolution  (compared  to  optical  lithography), 

2.  excellent  edge  definition  and  linewidth  control  (negligible  standing- 
wave  or  proximity  effects). 

3.  high  throughput  (compared  to  direct-write  techniques). 

4.  good  step  coverage  and  insensitivity  to  particulate  contaminants 
(which  promote  high  yield), 

5.  variable  magnification  (to  compensate  for  process-induced  linear 
wafer  distortion),  and 

6.  intermediate  equipment  cost  (optical  <  x  ray  <  electron  beam). 

Also,  x-ray  lithography  may  be  operationally  similar  to  optical  lithography 
in  termsof alignment  ofthe  mask  and  waferand  itsexposure.  This  facilitates 
the  training  of  processing  perse. inel  for  hybrid  lithography  wherein  conven¬ 
tional  exposures  are  made  for  most  wafer  levels  and  x-ray  lithography  is 
emploved  for  onlv  a  critical  level,  e  g.,  the  gate  level  in  an  MOS  process 
[28.29], 

The  advantages  of  x-ray  lithography  must  be  quite  compelling  because  it 
does  require  new  sources,  masks,  and  resists  compared  to  the  familiar 
optical  techniques.  Further,  since  commercial  x-ray  exposure  stations  have 
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become  available  only  recently,  work  in  this  arena  has  generally  required 
local  development  of  alignment  systems.  Each  of  the  components  needed 
for  x-ray  lithography  is  reviewed  in  the  remainder  of  this  section,  with 
emphasis  on  constraints  imposed  by  x-ray  absorption. 

X-ray  lithography  is  dominated  by  the  wavelength-dependent  character¬ 
istics  of  sources  and  of  absorbers  (ambient  gases,  mask  membranes,  and 
photoresists),  as  indicated  in  Fig.  2.  The  absorption  characteristics  of  mask 
membrances  deline  three  regions  for  lithography  with  photons  [30J.  The 
peak  absorptivity  for  materials  is  near  a  photon  energy  of  20  eV  (60  mm), 
where  the  x-ray  mean  free  path  is  only  0.1  /jm.  Optical  (UV  and  deep-UV) 
lithographies  are  done  in  the  3-6-eV  range  for  which  convenient  transpar¬ 
ent  materials,  such  as  thick  silica  glasses,  are  available  for  mask  substrates.  It 
is  necessary  to  move  to  the  opposite  side  of  the  peak  absorptivity  to  do  x-ray 
lithography.  If  a  thin  plastic  mask  support  is  employed,  it  is  possible  to  work 
in  the  region  from  about  100  eV  to  the  carbon  K.  edge  at  284  eV.  This 
X--UV  region  may  eventually  be  used  for  step-and-repeat  exposures 
through  small-area  masks.  However,  the  thrust  of  current  x-ray  lithography 
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Regions  of. source  emissions  are  shown  al  the  lop  for  l>\  lasers  and  lamps  and  electron-impact 
sources  of  K  and  1  \  ravs.  plus  synchrotron  and  plasma  radiation  Ranges  of  heavy  absorption 
for  various  materials  are  shown  in  the  center  Maximum  absorptivitv  occurs  around  Ml  nm  (20 
eV)  for  most  materials,  where  mean  free  v-rav  paths  are  ivpicallv  UK)  nm  Best  v-rav  lithogra¬ 
phic  resolution  is  obtained  near  h  nm  < 2(H)  eV).  Three  regions  of  interest  for  lithographs  are 
indicated  I'V  =  optical  and  decp-l  'V  regimes.  X-lIV  =  region  below  the  carbon  K  edge,  and 
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work  involves  use  of  photons  with  energies  of  about  1  to  a  few  keV,  for 
which  stable  large-area  masks  are  available  for  full-wafer  exposure. 

X-ray  sources  provide  wavelengths  throughout  the  region  of  interest  for 
lithography.  Electron-impact  sources  emit  K  or  L  x-ray  lines  at  the  energies 
indicated  in  Fig.  2.  Their  continuum  radiation  is  relatively  weak  and 
lithographically  useless.  Synchrotron  radiation  continua  extend  to  a  maxi¬ 
mum  useful  energy  dependent  on  the  orbiting  electron  energy  (~  1  GeV) 
and  the  magnet  bending  radius  (about  a  few  meters).  For  example, 
radiation  useful  for  x-ray  lithography  from  a  0.7-GeV  machine  with  a  2-m 
bending  radius  cuts  off  at  about  3  keV.  Plasma  radiation  consists  of  intense 
lines  and  continua.  the  wavelengths  of  which  are  determined  by  the  plasma 
composition  and  temperature.  Additional  information  on  each  of  these 
three  classes  of  sources  will  be  given  in  Sections  IV  -  VI. 

Masks  are  a  major  problem  in  x-ray  lithography.  Mask  membranes  no 
thicker  than  a  few  micrometers  are  required  for  x-ray  lithography  so  that 
they  will  transmit  an  adequate  fraction  of  the  incident  soft  x  rays.  A  wide 
range  of  membrane  materials  has  been  tried:  elements  (Be.  Al,  Si.  and  Ti), 
compounds  (A1203.  SiC,  and  Si3N4),  polymers  (Mylar,  Kapton.  and  poly- 
imide),  and  layered  materials  (Si02  with  Si3N4  and  BN  with  polvimide). 
References  to  mask-development  work  have  been  cited  by  Nagel  [10]  and 
Levinstein  [3 1  ]  Although  various  groups  still  favor  alternative  mask  mate¬ 
rials,  there  is  growing  interest  in  the  BN-polyimide  combination  [32-34], 
The  BN  provides  dimensional  stability,  while  the  polyimide  provides 
toughness.  The  combination  is  transparent  and  hence  easier  to  align  than 
opaque  metallic  membranes,  BN-polyimide  membranes  100  mm  in  diam¬ 
eter  are  available  commercially.  Whatever  the  membrane  material,  gold 
about  0.5  /im  thick  is  almost  universally  used  as  the  absorber  in  x-ray  masks. 

New  photoresists  had  to  be  developed  for  x-ray  lithography.  Attention 
was  given  both  to  increasing  x-ray  absorption  by  addition  of  appropriate 
elements  to  the  resist  [35]  and  to  efficient  use  of  the  absorbed  energy  for 
producing  cross-links  or  broken  bonds  [36].  References  to  x-ray  resist  work 
prior  to  1981  have  been  given  by  Nagel  [10).  For  a  recent  review  of 
lithographic  resists,  see  Hat^akis  [37],  Certain  resists  are  being  heavily  used 
in  major  United  States  x-ray  lithography  programs  now.  The  negative  resist 
fX'OPA  [38]  exposed  in  an  02-containing  ambient  [39]  is  employed  at  Bell 
Laboratories  [3 1  ].  Pcrkin-Llmcr  Corporation  [27]  and  Intel  Magnetics  [34] 
used  the  negative  Eastman  Kodak  FK88  resist  (40],  Resists  that  can  be 
plasma  developed  (41  ]  will  find  increasing  use. 

Alignment  of  masks  and  resist-covered  wafers  can  be  accomplished 
manually.  However,  the  overlay  accuracy  and  speed  required  of  high- 
throughput  x-ray  lithography  systems  necessitate  automatic  alignment.  A 
wide  variety  of  schemes,  cited  by  Nagel  ( 10],  has  been  considered.  In  most 
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cases,  the  mask -wafer  combination  is  horizontal  and  remains  so  when  it 
translates  under  an  electron-impact  x-ray  source.  Synchrotron-radiation 
sources  and  some  plasma  source  configurations  require  the  mask  and  wafer 
to  be  nonhorizontal  during  exposure.  In  such  cases,  additional  development 
work  is  needed.  A  means  to  scan  a  mask -wafer  combination  through  a 
synchrotron  radiation  beam  was  employ  ed  in  a  recent  study  [42].  An  aligner 
that  will  w  ork  in  a  nearly  vertical  plane  is  being  developed  for  use  at  a  storage 
nng  [43].  Alignment  locks  have  also  received  attention.  They  hold  the 
aligned  mask  and  wafer  together  during  exposure  of  several  w  afers  at  once 
[44.45].  A  simple  lock  including  magnetic  and  mechanical  clamps  has  been 
employed  at  this  laboratory  [46]. 

Several  full  x-ray  systems  consisting  of  sources,  with  appropriate  masks 
and  resists,  plus  means  for  alignment,  have  been  built.  French.  Japanese, 
and  United  States  systems  are  commercially  available  now.  Fencil  and 
Hughes  [27]  have  shown  both  prototype  full-wafer  and  projected  step-and- 
repeat  systems. 

X-ray  lithography  has  often  been  reviewed.  Many  of  the  general  lithogra¬ 
phic  surveys  already  cited  [11-20]  contain  sections  on  x-ray  lithography. 
Reviews  that  focus  specificallv  on  x-rav  lithographs  are  numerous 
[25a.27,47-60d], 


III.  X-RAY  SOURCE  REQUIREMENTS 


Attention  is  now  restricted  to  x-ray  sources  for  lithography.  Desirable 
performance  characteristics  for  x-ray  lithography,  such  as  high  resolution, 
are  related  to  desirable  source  characteristics,  such  as  collimation.  in  this 
section.  Some  of  the  characteristics  of  actual  sources,  including  spectrum 
and  intensity,  are  sketched  here.  Later  sections  give  more  details  on  the 
characteristics  and  usage  of  electron-impact,  synchrotron-radiation,  and 
plasma  sources.  The  goals  of  this  and  succeeding  sections  are  ( 1 )  to  outline 
what  is  needed  from  a  production  viewpoint:  (2)  to  examine  what  this 
demands  of  x-ray  sources,  that  is.  what  would  be  the  characteristics  of  a 
source  ideal  for  x-ray  lithography:  and  (3)  to  assess  what  is  available  now  and 
expected  in  the  foreseeable  future  in  comparison  to  what  would  be  ideal. 

The  demands  of  lithographic  replication  and  the  characteristics  of  x-ray 
sources  are  complex  Lithographic  processes  must  offer  three  main  perform¬ 
ance  features:  resolution,  throughput,  and  yield  The  desired  pattern  has  to 
be  produced  with  adequately  fine  features  and  steep  sidewalls,  with  high 
contrast,  in  a  process-compatible  resist.  The  number  of  levels  exposed  per 
hour,  whether  by  full-wafer  or  step-and-repeat  approaches,  must  be  suffi¬ 
cient  to  meet  production  demands.  Yield  is  dramatically  important,  so 
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factors  such  as  step  coverage  and  dust  insensitivity  are  important.  In  general, 
the  lithographic  equipment  must  be  compact,  cheap,  reliable,  and  safe. 

The  characteristics  of  x-ray  sources  are  also  numerous.  High  emission 
intensity  is  of  paramount  importance,  with  high  efficiency  of  x-ray  genera¬ 
tion  (and  usage)  also  important.  The  spectral  character  (lines  or  continuum) 
must  be  considered.  The  range  of  emitted  photon  energies  is  critical  because 
of  its  influence  on  absorption  before  and  within  the  resist,  including  attain¬ 
ment  of  adequate  contrast.  The  spectrum  also  determines  unwanted  ab¬ 
sorption  in  the  wafer  that  can  produce  radiation  damage.  Spatial  character¬ 
istics  include  source  size,  important  for  resolution,  and  emission  solid  angle, 
which  determines  the  collimation  and  exposure  area.  Temporal  variation  in 
x-ray  emission  is  important  since  it  influences  mask  and  resist  behavior. 
Steady  or  high-frequency  pulsed  sources  are  best  since  large,  infrequent 
pulses  cause  undesirable  thermal  cycling  of  masks.  A  matrix  relating  the 
lithographically  desirable  performance  features  listed  in  the  preceding  para¬ 
graph  to  the  x-ray  source  characteristics  enumerated  here  could  be  con¬ 
structed.  It  would  show  many  interactions.  For  example,  resolution  is 
influenced  by  the  source  spectrum,  size,  and  collimation.  while  the  spec¬ 
trum  affects  yield  and  equipment  cost  as  well  as  resolution. 

Resolution  and  throughput  are  primary  but  competing  measures  of 
performance  for  x-ray  lithography  systems.  A  detailed  discussion  of  resolu¬ 
tion  in  terms  of  modulation  transfer  functions  (dependent  on  penumbra 
and  mask  contrast)  is  available  [27],  A  useful  summary  of  resolution  in 
relation  to  exposure  time  circa  1979  was  given  by  Brewer  [  17]  for  several 
lithographic  systems.  The  intrinsic  resolution  and  exposure  requirements 
are  reciprocally  related  for  photoresists  as  for  photographic  him.  In  a  similar 
manner,  the  linewidth  tends  to  be  inversely  related  to  the  exposure  time  for 
lithographic  systems  with  uncollimated  x-ray  sources. 

Throughput  (wafer  levels  per  hour)  varies  inversely  with  \(  /x  ~  /x i. 
w  here  V  is  the  number  of  subfields  per  level  ( I  for  full-wafer  exposure)  and 
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/x  and  /A  the  resist  exposure  time  and  alignment  time  for  each  subheld 
Resist  exposure  time  /x  is  simply  related  to  resist,  source,  and  system 
characteristics  as  follows: 


\cnr  / 


4tt  ( si  1 


\cm*7  100  Si  (sr)  4nR:  (enr)  100 

where  )  is  the  resist  sensitiv  ity,  ty  pically  about  0.01  J.'cnr  dependent  on  the 
volume  energy  deposition  (  joules  per  cubic  centimeter)  and  resist  absorp¬ 
tion  coefficient  (pei  centimeter)  (76];  /  the energy  provided  to  the  source;  >i 
the  production  efficiency  for  the  x-ray  band  of  interest;  S2  the  solid  angle  into 
which  x-rays  are  emitted;  R  the  source-to-resist  distance  (approximateh  the 
souree-to-mask  distance):  and  /  the  fractional  \-rav  transmission  ofcompo- 


>\v 

*  J r"  ■  * 

/V  -  v 

-A  ' 


■  V  V 

•vi 


NKl  MK  S7M 


y  v  •' 


*  * .  ■ 
v*  *•  *•- 


-w 


§ 


6  Plasma  Sources  for  X  Ray  Lithography 


145 


nents  or  gases  between  the  source  and  resist.  For  electron-impact  and 
synchrotron-radiation  sources. 

/•.  =  7'x  (sec)  X  P(J/sec). 

where  P  is  the  source  power  consumption.  For  pulsed  plasma  sources. 

/•.  =  7X  (sec)  X  /?  (shots/sec)  X  /-.'(J/shots)  =  M  (shots)  X  /.  (J /shot I 

These  equations  show  for  a  given  resist  sensitivity  A.  what  exposure  time 
(7X)  is  required  for  a  given  source  (Pot  '/?/•.  and  ii)  and  system  (R  and  7  ) 
Alternatively,  they  show  what  resist  sensitivity  and  source  intensity  are 
required  to  achieve  a  desired  exposure  time. 

Efficiency  of  radiation  production  (>/)and  usage  (ii.  7  .  and  resist  absorp¬ 
tion)  are  closely  related  to  source  characteristics.  Synchrotron-radiation 
production  is  highly  efficient.  That  is.  most  of  the  kinetic  energy  supplied  to 
the  orbiting  electrons  is  emitted  as  synchrotron  radiation.  However,  usage  is 
poor  because  only  a  small  fraction  (<  10%)  of  the  overall  emitted  radiation  is 
collected  from  present  sources,  the  remainder  being  lost  onto  the  vacuum 
chamber  walls  and  components.  Plasma  x-ray  production  efficiency  falls  in 
the  10-  1%  range,  while  electron-impact  sources  are  less  than  0.1%  efficient 
for  the  x-ray  lines  of  interest.  Collection  efficiency  is  poor  ( -  0. 1  %)  for  the 
uncollimated  plasma  and  electron-impact  emission.  The  high  production 
efficiency  values  indicate  part  of  the  reason  for  current  research  interest  in 
second-generation  sy  nchrotron-  and  plasma-radiation  sources. 

The  ideal  x-ray  lithography  source  would  produce  radiation  only  in  a 
narrow  spectral  band  of  interest.  This  would  obviate  absorption  of  un¬ 
wanted  long  wavelengths  in  ambient  gases,  windows,  or  the  mask  Mask 
heating  is  especially  undesirable.  Short  wavelengths  reduce  mask  contrast 
and  deposit  energy  in  the  wafer,  leading  to  radiation-induced  changes  in 
microcircuit  performance.  Materials  for  electron-impact  and  plasma 
sources  can  be  chosen  to  place  x-ray  lines  in  the  spectral  region  of  interest 
For  synchrotron  radiation,  however,  filtration  and/or  mirrors  must  he  used 
to  obtain  the  desired  spectral  band. 

An  optimum  source  would  emit  highly  collimated  radiation  so  that  the 
mask -wafer  separation  and  wafer  flatness  are  less  critical.  Synchrotron 
radiation  nicely  approximates  a  collimated  source.  However,  electron-im¬ 
pact  and  plasma  sources  must  be  distance  collimated.  The  penumbral  width 
at  the  wafer  is  (.S'/ R)  V.  where  .S'  is  the  mask -wafer  separation.  R  the 
source-to-mask  distance,  and  V  the  x-ray  source  si/e.  For  typical  values  of 
■S’  =  30  //m  and  R  =  30  cm,  V  has  to  be  on  the  order  of  I  mm  for  the 
penumbra  to  be  about  0. 1  //m.  Flcctron-impact  and  plasma  sources  can  be 
made  with  few -millimeter  or  smaller  cross  sections. 

Discussion  of  desirable  x-ray  source  features  must  give  separate  attention 


to  plasma  sources  because  of  their  temporal  characteristics.  Electron-impact 
sources  operate  steadily,  while  x  rays  come  from  storage  rings  in  small  pulses 
at  a  high  rate  (megahertz).  Plasmas,  in  contrast,  necessarily  emit  bright 
pulses  at  relatively  low  repetition  rates.  Plasma  sources  that  operate  in  or 
near  the  10-100-Hz  range  appear  favorable.  They  will  be  discussed  in 
Section  VI. 

X-ray  sources  for  lithography  must  be  compatible  with  production  re¬ 
quirements  and  environments.  In  particular,  the  source  must  mate  with  an 
aligner  in  such  a  way  that  clean,  vibration-free  operation  is  possible.  Expo¬ 
sure  of  the  wafer  in  an  ambient  gas.  e.g..  He.  at  1  atm  (rather  than  in  a 
vacuum)  is  also  most  desirable. 

Size  and  capital  cost  are  major  factors.  Electron-impact  sources  are  small 
(0. 1  -m3  head  w  ith  0.5-m3  power  supply)  and  relatively  cheap  (<  $  1 00,000). 
Plasma  sources  promise  to  have  similarly  small  emission  heads,  with  a  few 
cubic  meters  being  required  for  the  energy  source.  They  might  cost  about 
$200,000.  Storage  rings  now  in  use  are  designed  for  multiple  purposes.  They 
are  tens  of  meters  in  diameter  and  cost  several  million  dollars  for  x-ray 
emission  above  about  1  keV.  Prospects  for  more  compact  and  less  expensive 
storage  rings  will  be  discussed  in  Section  V. 

The  reliable,  low-cost,  and  safe  operation  of  x-ray  sources  must  also  be 
ensured.  Electron-impact  devices  now  in  the  early  x-ray  exposure  systems 
have  been  operated  for  a  few  thousand  hours  without  failure.  Reliabilities 
and  operating  costs  of  storage  ring  and  plasma  sources  are  very  important 
open  questions.  Radiation  safety  is  not  a  problem  with  x-ray  lithography 
sources.  That  is,  x-ray  shielding  is  readily  accomplished.  The  same  is  true  for 
optical  safety  in  the  case  of  plasma  sources  heated  by  high-power  lasers.  In 
all  x-ray  systems,  electrical  safety  tends  to  be  somewhat  more  problematic. 
That  is.  adequate  attention  must  be  paid  to  the  possibility  of  high-voltage 
arcs.  Of  course,  this  is  even  more  true  for  higher-voltage  ion  implanters  that 
have  been  operated  safely  in  production  environments  for  many  years. 

IV.  ELECTRON-IMPACT  X-RAY  SOURCES 

An  electron-impact  source  was  used  in  the  first  x-ray  lithography  tests  in 
1971  [26],  Sources  in  all  first-generation  x-ray  lithography  systems  also 
depend  on  x-ray  production  by  impact  of  energetic  electrons  on  solids.  The 
fixed  and  rotating  anode  sources  being  employ  ed  are  described  briefly  in  this 
section. 

Stationary -anode  sources  are  mechanically  convenient  but  relatively  lim¬ 
ited  in  their  power-dissipation  capabilities.  That  is.  if  the  cooling  water  in  the 
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anode  is  kept  below  the  boiling  point,  power  dissipation  is  limited  to  around 
1  kW.  Recently,  a  fixed-anode  source  in  which  the  water  boils  and  the 
bubbles  are  rapidly  swept  away  was  developed  [61,61a]  on  the  basis  of 
concepts  originated  at  Livermore  [62].  The  design  permits  operation  near 
6  kW  in  a  compact  source  with  a  spot  of  effective  size  near  3  mm.  This 
source  is  commercially  available.  Production  of  complex  l-//m  NMOS 
chips  by  multilevel  x-ray  lithography  with  such  a  stationary-anode  source 
was  reported  recently  [63],  Twelve  75-mm  wafer  levels  per  hour  can  be 
exposed  with  a  17-mJ/cm2  resist.  Fifty  wafer  levels  per  hour  are  projected 
when  a  dry-developed  resist  is  incorporated  into  the  process  [64], 

Rotating-anode  sources  spread  the  incident  energy  over  a  greater  area, 
leading  to  smaller  temperature  rises  or  higher  power  dissipation  [65].  Power 
levels  exceeding  10  kW  are  possible  but  at  the  price  of  vacuum-seal  mainte¬ 
nance  and  the  introduction  of  rotation-induced  vibration.  A  rotating  anode 
was  employed  in  the  prototype  source  used  to  make  the  first  commercial 
chips  by  x-ray  lithography  [66], 

It  appears  that  both  fixed-  and  rotating-anode  electron-impact  sources  are 
adequately  reliable  (>  1000-hour  operation)  for  the  initial  commercial  ex¬ 
posure  stations.  Exposure  times  are  about  1  min  with  practical  resists.  This  is 
adequate  for  early  submicrometer  full-wafer  exposures.  However,  the  step- 
and-repeat  x-ray  systems  envisioned  for  submicrometer  production  in  the 
1990s  will  require  sources  brighter  than  any  expected  electron-impact 
device  [67], 


V.  SYNCHROTRON  X-RADIATION  SOURCES 


The  first  photoresist  exposures  with  synchrotron  radiation  were  per¬ 
formed  in  1975  by  a  United  States  group  working  at  a  German  facility  [68]. 
Since  that  time,  both  synchrotron  and  storage-ring  sources  of  synchrotron 
radiation  have  been  employed  in  a  wide  variety  of  tests  in  Japan.  France,  the 
Soviet  Union,  and  the  United  States.  Despite  the  large  capital  cost  of 
synchrotron  radiation  sources,  interest  in  their  use  for  x-ray  lithography  is 
increasing  steadily  [69].  For  example,  many  of  the  beam  lines  at  the  new 
BESSY  synchrotron  radiation  source  in  Berlin  are  devoted  to  lithography.  A 
short  synopsis  of  recent  advances  and  expectations  for  synchrotron  radia¬ 
tion  lithography  is  given  in  this  section. 

Operating  microcircuits  were  produced  with  synchrotron  radiation  for 
the  first  time  recently  [42].  An  electron  synchrotron  was  used  to  make 
NMOS  transistors  with  gate  lengths  as  small  as  1.5/im.  Exposures  were 
made  by  rotating  cartridges  containing  wafer  and  mask  pairs  through  the 


148 


D  J  Nagel 


4  x  30-mm  beam  in  a  vacuum  chamber.  Threshold  voltages  were  measured 
for  devices  made  by  both  synchrotron  x  radiation  and  optical  lithographies. 
No  \-ra> -induced  shifts  were  observed.  The  exposure  times  (6  sec  at  one 
position  for  PMMAl  measured  in  this  recent  Japanese  study  translate  into 
fifty  125-mm  wafer  levels  per  hour  for  a  sensitive  resist  exposed  to  x  rays 
from  a  1-GeV.  0.1 -A  storage  ring  in  step-and-repeat  fashion. 

A  major  effort  by  IBM  in  x-ray  lithography  is  under  way  on  a  beam  line  at 
the  National  Synchrotron  1  ight  Source  (NSLS).  a  storage  nng designed  to 
carry  I  A  at  0.7  (ieV  [70.7<)a].  Wavelengths  in  a  band  around  1  ke V  ( 1 2  A ) 
are  deposited  in  the  resists.  An  oscillating  mirror  is  used  to  scan  the  strip  of 
radiation  across  the  wafer.  Fight-minute  exposures  of  PMMA  over 
25  X  50  mm  are  possible  at  0.2  A  and  0.75  GeV.  A  step-and-repeat  system 
will  be  installed  on  the  lithography  beam  line  at  the  NSLS  (43). 

I  he  synchrotron-radiation  sources  currently  in  use  for  lithographic  re¬ 
search  are  large,  multipurpose  sources.  Recently,  the  conceptual  design  of  a 
tabletop  storage  ring  was  published  [71],  That  source,  called  KJein-ERNA. 
is  a  0.57-m-diameter  toroid  placed  entirely  within  the  poles  of  a  5-T  (tesla) 
superconducting  magnet.  Radiation  with  useful  intensities  up  to  1-2  keV 
would  result  for  0.43-GeV  electron  energies.  Hence,  such  a  source  would  be 
useful  for  x-ray  lithography.  A  compact  storage-ring  source  is  expected  to  be 
built  first  at  the  BESSY  facility.  Design  studies  are  being  made  for  compact 
storage  rings  within  either  electromagnets  or  superconducting  magnets 
(71a).  Such  synchrotron-radiation  sources  could  approach  the  price  of 
electron-beam  direct-w’nte  exposure  systems  (about  $2-3  million),  espe¬ 
cially  if  several  such  rings  were  built.  Another  more  distant  possibility  is  a 
small  synchrotron-radiation  lithography  source  based  on  wigglers  rather 
than  the  conventional  bending  magnets  (72).  The  utility  of  both  wigglers 
and  undulators  as  sources  of  synchrotron  radiation  for  x-ray  lithography 
was  examined  recently  [7.3],  It  is  conceivable  that  future  compact  synchro¬ 
tron-radiation  sources  could  be  oriented  with  a  vertical  orbital  plane,  with 
aligned  mask -wafer  combinations  moving  rapidly  through  the  beam  on  a 
horizontal  track.  In  any  event,  present  synchrotron  x-radiation  lithography 
research  is  prov  iding  exciting  results  with  significant  promise. 


VI.  PLASMA  X-RAY  SOURCES 


A.  General  Considerations 


The  foregoing  information  on  x-ray  lithography  and  alternative  sources 
was  provided  to  set  the  stage  for  a  more  detailed  discussion  of  plasma 
sources.  That  is,  x-ray  lithography  is  competing  with  other  lithography 
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methods  and  plasma  sources  are  competing  with  electron-impact  and 
synchrotron  sources.  The  focus  is  now  narrowed  to  hot.  dense  plasmas 
produced  by  either  electrical  discharges  or  laser  beams.  Plasmas  that  effi¬ 
ciently  emit  x  rays  are  contrasted  in  the  next  paragraph  with  the  cold,  dilute 
plasmas  used  for  dry  processing  of  microelectronics.  Then,  the  production 
and  x-ray  emission  of  multimillion-degree  dense  plasmas  are  outlined. 
Motivations  for  using  repetitively  pulsed  plasma  sources  for  x-ray  lithogra¬ 
phy  are  discussed  next.  General  concerns  with  plasma  x-ray  lithography, 
including  mask  life  and  source  reliability,  are  also  examined. 

Plasmas  are  now  a  familiar  part  of  microelectonics  production.  But  the 
plasmas  used  for  thin-film  deposition,  etching,  and  resist  development  are 
very  different  from  those  of  interest  here.  The  two  classes  of  plasmas  are 
contrasted  in  Fig.  3.  Dry  processing  plasmas  are  relatively  low  in  tempera¬ 
ture  and  density  .  F.lectron  temperatures  of  a  few  electron  volts  are  ty  pical 
( 1  eV  is  equivalent  to  1 1 .600  K).  Velocity  distributions  of  the  electrons  and 
ions  in  such  plasmas  are  usually  not  in  equilibrium.  That  is.  the  ions  are  cold 
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compared  to  the  electrons.  Ion  bombardment  is  critically  important  to 
processes  such  as  sputtering  and  reactive-ion  etching.  Ion-impact  energies 
are  determined  not  by  the  thermal  velocity  distribution  within  the  plasma, 
but  rather  by  ion  acceleration  across  the  plasma-sheath  potential  created  by 
loss  of  energetic  electrons  from  plasma-edge  regions.  The  electron  density  of 
dry  processing  plasmas  is  low  due  to  the  low  pressure  of  the  ambient  gas  and 
the  relatively  low  degree  (fraction)  of  ionization  at  low  temperatures. 

X-ray  source  plasmas  have  temperatures  that  correspond  to  x-ray  emis¬ 
sion  energies,  typically  0.1-1  keV  or  about  106-  107  K.  In  order  to  emit 
x-ray  efficiently,  they  must  be  dense  as  well  as  hot.  Discharge-heated 
plasmas  of  interest  for  lithography  have  densities  that  range  from  around 
1018  to  I0“e/cm\  Laser-heated  plasmas  have  effective  densities  that  de¬ 
pend  inversely  and  quadratically  on  the  laser  wavelength.  For  densities 
greater  than  a  critical  value,  the  plasma  no  longer  transmits  laser  light,  so 
that  efficient  absorption  and  short  wavelength  reradiation  occur.  The  com¬ 
monly  used  Nd  laser  (/.  =  1 .06  //m)  has  a  critical  density  of  I0:i  e/cm'.  For 
future  ultraviolet  lasers  with  /  0.1  fx m.  the  critical  density  is  near  l()J5 

e/cm',  a  value  typical  of  solids.  Because  of  the  high  temperatures  and 
densities  in  x-ray-source  plasmas,  the  electrons  and  ions  tend  to  be  in 
equilibrium.  Hence,  ions  expand  outward  with  significant  kinetic  energies. 
The  expanding  and  recombining  plasma  material  constitutes  a  vapor  source 
that  can  coat  masks.  Methods  to  defeat  plasma  and  target  debris  are 
discussed  later  in  this  section. 

Spectra  emitted  by  plasmas  depend  on  the  elements  present  and  the 
conditions  of  excitation.  F.ach  ion  in  source  plasmas  commonly  has  several 
to  dozens  of  electrons  removed  due  to  incessant  bombardment  by  energetic 
plasma  electrons.  This  same  bombardment  excites  electrons  w  ith  appropri¬ 
ate  binding  energies  to  still-bound  levels,  after  which  electron  decay  and 
x-ray  emission  occur.  I  he  precise  wavelengths  emitted  are  sensitive  to  the 
atomic  number  and  degree  of  ionization  of  material  in  the  plasma  |74] 
High-temperature  plasmas  also  emit  continua  due  to  Bremsstrahlung  and 
recombination  processes,  but  conditions  can  be  chosen  so  that  most  of  a 
lithographic  exposure  is  due  to  lines  of  the  desired  wavelengths. 

Ihe  intensities  of  line  emission  depend  on  the  plasma  and  atomic  charac¬ 
teristics  as  follows  [75): 


(  w.)  *  v  ^expf 

Vcm  /  N/c  fa  <J  1  \  /,  / 


where  /,.  and  //,.  are  the  plasma-electron  temperature  and  density,  respec¬ 
tively.  and  e V  the  transition  oscillator  strength  anti  \  ^  the  x-ray  energy  for 
ionization  state  (7and  transition  Y.  I  his  equation  shows  that  while  increas¬ 
ing  the  electron  temperature  lends  to  increase  miensitv.  the  electron  densitv 
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is  dominantly  important.  That  is.  the  temperature  must  he  sufficient  to 
produce  the  ion  stage  that  will  emit  wavelengths  of  interest.  This  sets  lower 
limits  on  required  discharge  currents  and  laser-beam  intensities.  Overheat¬ 
ing  is  actually  deleterious  since  the  electron  level  of  interest  will  be  totally 
ionized  and  the  excitation -emission  sequence  producing  the  desired  wave¬ 
lengths  will  not  occur  efficiently.  A  computed  plasma  spectrum  from  a 
discharge-heated  plasma  is  shown  in  Fig.  4  (76). 

Emission  times  from  x-ray  source  plasmas  are  usually  in  the  10  -  100-nsec 
range  for  discharge  heating  and  the  1  -  10-nsec  range  for  laser  heating.  These 
short  times  are  dictated  by  the  difficulty  in  concentrating  and  sustaining 
sufficient  energy  to  keep  the  material  x-ray  hot  in  competition  with  cooling 
by  radiation  and  ion  expansion.  Plasma  sources  are  usually  about  1  mm  in 
diameter.  The  small  sizes  are  due  to  having  inadequate  energy  available  to 
heal  a  large  plasma  volume  to  x-ray  temperatures  as  well  as  to  the  dynamics 
of  plasma  heating.  The  spatial  distribution  of  plasma  x-ray  emission  extends 
over  large  solid  angles.  It  is  not  uniform  due  to  opacity  effects  but  vanes 
smoothly  with  angle. 

X-ray  sources  with  intensity  sufficient  to  expose  photoresists  in  a  single 
shot  are  available.  However,  they  are  not  optimum  for  x-ray  lithography. 
Such  sources  are  large  and  expensive  due  to  energy  storage  requirements. 
Exposure  times  of  10  sec  or  shorter  are  needed  for  high  throughput  due  to 
alignment  and  other  wafer-handling  overheads.  Further,  plasma  sources 
usually  have  significant  shot-to-shot  variability.  In  fact,  plasma  sources 
considered  to  be  reproducible  still  vary  by  10%  in  x-ray  emission  from  shot 
to  shot.  Hence,  exposure  control  is  problematic.  Finally,  mask  absorption  of 
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the  energy  required  for  single-shot  exposure  leads  to  major  thermal  spikes  in 
the  mask  temperature  history  (77).  A  computational  analysis  of  mask 
heating  due  to  x-ray  absorption  is  available  [78],  The  associated  thermal 
cycling  is  expected  to  degrade  mask  quality,  although  there  are  no  data  on 
plasma  -x-ray-induced  mask  behavior. 

The  problems  just  enumerated  are  all  relieved  by  the  use  of  repetitively 
pulsed  ( i.e. .  cw)  plasma  sources  rather  than  large  single-shot  devices.  Less 
energy  per  shot  and  smaller  energy  storage  devices  are  needed.  Adequately 
short  ( <  !  0-sec)  exposures  should  still  be  possible  with  better  than  1% 
fluenee  control.  And  mask  absorption  would  be  less  per  shot  so  that 
temperature  spikes  would  be  smaller.  Masks  could  be  thermally  clamped  to 
the  wafer,  which  would  act  as  a  heat  sink,  if  exposures  were  made  in  even  1 
Torr  of  ambient  helium  to  provide  a  mask-to-wafer  heat  conduction  path. 
That  is.  cw  pulsed  x-ray  sources  used  with  a  gas  in  the  mask -wafer  area 
should  obviate  mask  thermal  problems.  Again,  however,  there  is  no  experi¬ 
mental  information  on  this  topic  since  repetitively  pulsed  sources  are  only 
now  being  developed  and  employed  for  x-ray  lithography. 

Thermal  stresses  are 'not  the  only  concern  for  mask  life  with  plasma  x-ray 
sources.  Debris  from  the  plasma  and  nearby  solids  can  coat  or  damage 
masks.  Atomic  vapor  due  to  expansion  of  recombined  plasma  ions  can 
produce  an  absorbant  thin  film  on  x-ray  masks.  Such  vapor  covers  a  wide 
solid  angle  for  all  plasma  sources.  Its  distribution  has  not  been  measured  for 
discharge-heated  plasmas,  but  it  is  expected  to  cover  4tt  sr.  In  the  case  of 
laser-heated  plasmas,  the  distribution  tends  to  span  the  In  sr  in  front  of  a 
solid  target.  Vapor  deposition  at  angles  near  the  target  surface  has  been 
measured  to  be  markedly  less  than  that  near  the  target  normal  [77],  Solid 
laser  targets  pose  another  problem,  namely,  production  of  particles  of  target 
material.  The  plasma  that  still  exists  near  the  target  after  the  laser  pulse  and 
x-ray  emission  have  ceased  vaporizes  material  from  even  the  most  refractory 
targets.  Small  molten  droplets  are  blown  out  in  rather  well  defined  angles  as 
a  crater  is  produced  in  the  target  [77.79],  This  problem  is  largely  overcome 
by  use  of  thin  targets  (less  than  the  crater  depth,  which  is  typically  UK)  //m). 
Then  little  debris  forms,  and  the  debris  that  is  produced  blows  out  the  back 
of  the  target,  generally  normal  to  the  film  (77).  Both  plasma  vapor  and  any 
residual  debris  from  laser  targets  can  be  defeated  by  the  use  of  a  thin  plastic 
sacrificial  shield  over  the  mask  in  a  roll-to-roll  configuration.  Although  it 
remains  to  be  demonstrated,  it  is  expected  that  vapor  and  debris  will  not 
limit  the  use  of  plasma  x-ray  lithography  sources. 

Reliability  is  a  major  concern  for  all  lithographic  sources.  Electron-im¬ 
pact  sources  have  already  proven  sufficiently  reliable  for  prototype  produc¬ 
tion  exposure  stations.  Large,  multiuse  storage  rings  become  increasingly 
reliable  with  use  over  a  period  of  1  to  2  years.  However,  no  projections  can 
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yet  be  made  for  the  reliability  of  compact  synchrotron-radiation  sources 
now  being  designed.  The  situation  is  even  more  open  for  repetitively  pulsed 
’  plasma  x-ray  sources.  High-power  pulsed-electron  generators  are  required 

both  to  heat  plasmas  directly  by  their  currents  and  to  produce  inverted 
populations  for  laser  action.  Ten-kHz  electron-power  sources  are  commer¬ 
cially  available  for  excitation  of  gas  lasers  [80],  but  they  have  not  yet  been 
adapted  to  discharge  heat  plasma  x-ray  sources  or  to  pump  high-power 
short-wavelength  lasers  sufficiently  energetic  to  produce  x-ray  intensities 
adequate  lor  lithography  .  The  reliability  of  other  components  of  plasma 

i  x-ray  sources  remains  to  be  demonstrated.  Magnetically  actuated  high-pres¬ 

sure  values  that  admit  gas  for  discharge-heating  in  an  x-ray  source  chamber 
must  have  adequate  mean  times  between  failures.  Laser  flash  lamps  (for 
solid-state  laser  rods)  and  electron-beam  sources  (for  gas  lasers)  also  require 
i  additional  engineering  for  commercially  relevant  long  lives.  It  appears  that 

for  both  discharge  and  laser  heating,  production-line  x-ray* lithography  will 
stress  x-ray  source  components  more  than  other  present  uses  of  such 
technology. 

In  summary  ,  plasma  sources  do  have  drawbacks  such  as  thermal  cycling 
of  masks  and  debris.  However,  such  problems  can  be  overcome  so  that  the 
|  advantages  of  plasma  x-ray  emission  can  be  realized.  The  high  intensity 

t  available  from  plasma  sources  provides  the  main  attraction.  Favorable 

spectra,  w  ith  little  hard  radiation,  and  small  source  sizes  are  also  important. 
Plasma  x-ray-source  development  involves  two  major  considerations:  ( 1 ) 
choice  of  the  plasma  composition  and  attainment  of  electron  temperature 
that  will  produce  wavelengths  of  interest  and  (2)  attainment  of  a  high 
electron  density  that  gives  intense  emission.  The  source  of  high  power  to 
’  heat  plasmas  is  the  primary  engineering  consideration.  Direct  heating  with 

}  electrical  discharges  and  heating  due  to  absorption  of  laser  beams  are 

considered  in  the  next  two  subsections. 


B.  Discharge-Heated  Plasma  Sources 


Mans  different  geometrical  configurations  have  been  developed  to  heat 
and  confine  plasmas  with  electron  currents.  Of  all.  linear  electrical  dis¬ 
charges  are  most  useful  for  lithography.  They  are  simple  and  produce 
high-temperature,  compact  plasmas  with  adequate  densities.  The  initial 
cool  plasma  is  generated  by  electron  passage  through  the  source.  The 
magneto:  field  produced  by  the  high  electrical  currents  (much  greater  than 
100  k  \)  interacts  with  the  current  and  plasma  material  to  pinch  the  plasma 
and  heat  it  to  the  106-107-K  range  prior  to  explosive  expansion  and 
dissipation.  Because  cylindrical  coordinates  (r,0./.)  are  appropriate  for  the 
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geometry  of  these  sourees.  with  the  plasma  along  the  /  direction,  they  are 
termed  normal  type  Such  sources  produce  multiple-point  or  rodlike  plasma 
regions  w  ith  temperatures  and  densities  sufficient  for  intense  x-ray  emission. 
Various  types  of  discharge-heated  plasma  x-ray  sources  are  discussed  in  this 
subsection,  with  emphases  on  those  that  have  shown  or  promise  utility  for 
lithography. 

The  first  resist  exposures  with  discharge-heated  plasmas  were  done  w  ith  a 
small  two-stage  device  (81).  The  plasma  was  created  within  a  few-milh- 
meter-diameter  hole  through  an  insulator  and  then  heated  by  a  pulse  of 
electrons  from  a  nearby  pointed  electrode..  The  source  was  very  compact 
and  offered  significant  promise.  However,  attempts  to  employ  later  models 
of  this  device  have  not  resulted  in  reliable  operation. 

Most  types  of  Z-pinch  source  geometries  are  show  n  in  schematic  cross 
sections  in  Fig.  5  [10].  Sources  with  somewhat  similar  geometries  are 
arranged  in  rows,  while  the  columns  distinguish  the  different  ways  in  which 
the  plasma  is  generated.  In  the  left  column,  the  plasma  is  formed  from  solid 
materials  placed  between  the  electrodes.  Next  are  sources  in  which  a  low- 
pressure  ambient  gas  present  well  before  the  discharge  is  ionized  and 
pinched.  The  third  column  involves  sources,  in  which  a  gas  is  admitted 
(“puffed")  into  the  interelectrode  vacuum  immediately  prior  to  the  dis¬ 
charge.  Sources  that  consume  their  electrodes  to  produce  the  plasma  are 
presented  in  the  fourth  column.  Low  repetition  rates  and  irreproducibility 
rule  out  sources  in  the  first  and  last  columns,  respectively,  for  x-ray  lithogra¬ 
phy.  Puff  devices  that  are  most  developed  as  lithography  sources  are  dis¬ 
cussed  next.  Then  features  and  potential  advantages  of  gas-filled  plasma 
focus  and  hypocycloidal  pinch  sources  are  examined.  When  used  for  lithog¬ 
raphy.  mesh  or  hollow  anodes  are  usually  employed  in  Z-pinch  sources  in 
order  to  permit  near-axial  x-ray  egress  from  the  source  region  and  to  reduce 
debris  generation  from  electrode  vaporization.  Solid  electrodes  are  show  n  in 
the  schematics  of  Fig.  5. 

Puff  sources  arc  attractive  for  lithography  because  they  are  bright,  are 
relatively  reproducible,  and  offer  the  possibility  of  repetitive-pulse  opera¬ 
tion.  Single-shot  puff  sources  of  widely  different  sizes  were  developed  during 
the  late  1970s.  Giant,  near-megajoule,  near-terawatt  pulsed-power  sources 
were  used  to  drive  puff  loads  [82],  Also,  much  smaller  10-kJ  capacitor  banks 
were  employed  with  similar  heads  (83).  Only  the  latter  are  of  interest  for 
x-ray  lithography,  and  attention  will  be  limited  to  them. 

Early  x-ray  measurements  from  small  puff  systems  showed  them  to  have 
emission  characteristics  useful  for  x-ray  lithography  Pinhole  photographs 
[83.84]  revealed  millimeter-size  source  cross  sections  Spectral  measure¬ 
ments  showed  that  various  waselengths  of  interest  could  be  generated  by  use 
of  different  inert  gases  [84].  Photoresist  exposures  were  demonstrated  by  two 
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5.  Schematics  of  axial  cross  sections  for  various  electrical-discharge-hcated  dense 
plasmas  l  niyuc  polarities  arc  indicated  Current  (low  at  two  different  times  is  shown  bv  dotted 
lines  in  sources  initially  filled  with  low-pressure  gas  How  ol  gas  pnor  to  the  diseharge  is  show  n 
bv  arrows  for  "puff"  devices  See  the  text  for  discussion  (from  Nagel  ( l(t|  l 


companies.  Physics  International  and  Maxwell  Laboratories,  through  the 
use  of  small  putt  sources  [85  -  88],  About  three  dozen  shots  were  required  to 
expose  intermediate-sensitivity  resists  in  these  initial  measurements.  Figure 
6  is  a  micrograph  of  a  resist  pattern  produced  with  a  puff  source  [89], 

The  same  two  companies  that  did  the  earls  lithographic  work  with 
experimental  puff  sources  now  sell  models  subsequently  engineered  for 
routine  use  Depending  tin  the  working  gas.  x-ray  photon  energies  tn  and 
near  the  0.5- 3-keV  ranges  are  available  from  plasmas  I  mm  in  diameter 
Approximately  10-  100-J  pulses  of  x  rays  are  produced  per  shot  in  the  x-ray 
lines  of  interest  I  he  puff  sources  now  on  the  market  can  fire  only  once 
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about  every  1(1  see  I  heir  ultimate  Commereial  impaet  will  hinge  on  the 
development  of  power  supplies  and  valves  for  reliable  multi-hert/  opera¬ 
tion 

Plasma  \-rav  sources  that  are  tilled  with  gas  well  ahead  of  the  discharge 
also  have  potential  lor  \-ra>  lithographs.  I  he  ambient  gas  can  impede  flow 
of  debris  from  the  plasma  region  to  the  mask  and  also  prov  ide  thermal 
coupling  of  the  mask  and  water  Dense  plasma  locus  machines  have  long 
been  studied  as  sources  ol  \  rays  (VO)  Recently.  such  a  device  was  used  to 
produce  l-y/m  lines  in  I  BM  resist  [41  j.  Ihe  hypoeveloidal  pinch  in  essen¬ 
tially  two  plasma  foci  devices  back  to  back  [42]  In  it.  the  \-ray-emittmg 
focus  occurs  away  from  the  electrode  surfaces;  this  tends  to  reduce  debns 
production  compared  to  the  usual  dense  plasma  locus  configurations.  The 
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shot-to-shot  reproducibility  of  gas-filled  Z-pinch  plasma  x-ray  sources  is  still 
in  question.  Also,  like  puff  sources,  the  plasma  focus  and  hypoeycloidal 
pinch  have  not  yet  been  engineered  for  cw  operation.  These  sources  would 
require  high-average-power  electrical  systems  similar  to  puff  devices,  but  gas 
valving  is  simpler  for  the  sources  that  are  initially  gas  filled. 

One  way  in  which  a  discharge-heated  plasma  source  could  be  mated  to  a 
wafer  aligner  is  shown  in  Fig.  7  [87],  The  box.  approximately  I  m3.  would 
contain  the  electrical  storage  and  pulse-forming  components  and  the  vac¬ 
uum  chamber  for  the  source.  X-ray  passage  through  a  thin  window  at  the 
bottom  of  the  box  into  a  He-filled  column  is  envisioned.  The  concept  in  Fig. 
7,  though  developed  for  a  puff  source,  could  also  be  employed  for  plasma 
focus  and  hypoeycloidal  pinch  sources. 

C.  Laser-Heated  Plasma  Sources 

X-ray  sources  produced  and  heated  by  laser  pulses  are  not  as  advanced 
toward  commercialization  as  discharge-heated  plasma  sources.  However, 
they  show  significant  promise  and  are  being  developed  and  studied  inten¬ 
sively.  Work  to  date  and  current  directions  are  discussed  in  this  subsection 
The  manner  in  which  plasmas  transmute  long-wavelength  laser  radiation 
iqto  short-wavelength  x  radiation  is  sketched  first  for  both  solid  and  gas 
targets.  Then  the  various  types  of  high-power  lasers  germane  to  x-ray-source 
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production  are  listed.  Most  work  to  date  has  been  done  with  Nd  solid-state 
laser  systems,  so  results  obtained  with  them  constitute  the  bulk  of  the 
discussion.  The  potential  of  excimer  gas  lasers  is  outlined.  Finally,  possible 
configurations  for  production-line  laser-plasma  x-ray  lithography  exposure 
stations  are  considered. 

When  a  high-power  laser  pulse  encounters  a  solid  target  in  a  vacuum,  its 
leading  edge  produces  a  plasma  at  the  target  surface.  The  electron  density 
varies  from  its  value  in  a  solid  (~  1023  e/cm3)  to  less  than  10'9  e/cm3  over 
about  1  mm  from  the  target.  Laser  light  is  little  absorbed  in  the  low-density 
plasma  until  it  reaches  the  critical  density,  beyond  which  the  plasma  is 
opaque.  Laser  energy  arriving  at  the  critical  region  is  primanlv  absorbed, 
although  some  scattering  also  occurs.  The  plasma  electrons  heated  by 
photon  absorption  cause  ionization  and  excitation  of  target  material 
streaming  outward  through  the  dense  and  hot  critical  absorption  region. 
This  behavior  is  little  modified  by  the  presence  of  a  low-pressure  ambient  gas 
in  the  target  region  so  long  as  the  gas  breakdown  threshold  is  not  exceeded. 
That  is,  a  laser-heated  plasma  x-ray  source  will  operate  in  a  few-Torr 
ambient  of  He.  which  provides  debris  suppression  and  mask  cooling  [93]. 
High-pressure  gas  jets  can  also  be  used  as  laser  targets  [94],  It  was  shown  that 
escape  of  2000-psi  gas  through  a  0. 1  mm  orifice  into  a  vacuum  produced  a 
convenient  soft  x-ray  source  when  irradiated  axially  with  a  high-power  laser. 
Such  a  source  used  in  a  pulsed  mode  might  provide  soft  x-rays  with  relatively 
little  debris  if  a  reliable  valve  is  developed.  Gas-target  laser  plasma  sources 
have  not  been  used  for  x-ray  lithography. 

Both  solid  and  gas  laser  systems  are  relevant  to  present  x-ray  lithography 
research  and  development.  In  general,  solid-state  lasants  tend  to  be  less 
attractive  than  gas  systems  because  of  cooling  requirements.  This  limits  the 
average  laser  power  and  hence  the  average  x-ray  power.  However,  extensive 
work  has  gone  into  high-power  solid-state  lasers,  especially  those  based  on 
lasing  in  Nd  at  1.06 /im.  Applications  range  from  laser  fusion  to  pumping  of 
tunable  dye  lasers.  The  availability  of  Nd  systems  has  lead  to  their  almost 
exclusive  use  in  early  laser  plasma  x-ray  lithographs  work.  The  CO,  gas  laser 
at  10.6  /mt  is  also  well  developed,  but  the  wavelength  is  so  long  that  the  low 
critical  density  gives  poor  x-rav  production  efficiencies.  At  I014  W/cm\  CO, 
lasers  produce  about  20  times  less  x-ray  intensity  near  1  keV  than  do  Nd 
lasers.  Fxcimer  lasers  are  attractive  because  thev  are  gas  sv stems  and  have 
wavelengths  in  the  0. 15-0  35-//m  range,  which  should  produce  x-ra>s 
efficiently  X-rav  lithographs  work  with  excimer-laser  plasmas  is  expected  in 
the  near  future.  Beam  divergence  and  ^reusability  of  excimer  lasers  are 
major  questions.  If  focal  spots  less  than  0.1  mm  in  diameter  cannot  be 
obtained,  then  the  short  wavelengths  of  excimer  lasers  cannot  be  utilized  for 
efficient  x-rav  production 

The  wavelengths  and  intensity  of  x-rav  emission  from  laser-heated 
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plasmas  depend  on  both  laser  and  target  parameters.  Variations  with  pulse 
length,  beam  quality  (focusability),  and  target  composition  have  been  sum¬ 
marized  for  Nd  lasers  (95,96).  In  short,  pulse  lengths  in  or  near  the  1-10- 
nsec  range  with  1  -  10  J  or  more  that  can  be  focused  to  less  than  10-4  cm2 
are  required.  That  is,  irradiances  on  target  in  the  1011-  1015  W/cm2  range  are 
needed  to  achieve  plasma  temperatures  in  the  0.1  -  1-keV  range,  which  are 
best  for  emitting  wavelengths  of  use  for  x-ray  lithography.  The  efficiency  of 
useful  x-ray  production  is  strongly  dependent  on  the  target  composition. 
Optimum  emission  results  when  the  plasma  electron  energy  distribution 
and  plasma  ion-binding  energies  are  properly  matched.  Conversion  effi¬ 
ciencies  of  10%  into  2 7r  sr  for  1-keV  lines  have  been  demonstrated.  That  is, 
10%  of  the  incident  laser  energy  can  be  emitted  by  the  plasma  as  soft  x-rays. 

Exploration  of  laser-plasma  x-ray  lithography  has  been  pursued  in  paral¬ 
lel  programs  at  the  Battelle  Columbus  Laboratories  and  the  Naval  Research 
Laboratory  dunng  the  past  5  years.  In  both  places,  work  began  with  rela¬ 
tively  large  low -repetition-rate  ( I0~3-Hz)  Nd- glass  systems  capable  of  emit¬ 
ting  up  to  about  100  J  in  pulses  near  10  nsec  in  length  (97,98).  Single-shot 
exposures  of  an  intermediate-sensitivity  resist  (COP)  at  10  cm  were  demon¬ 
strated  (97). 

The  third  harmonic  (/.  =  0.35  /rm)ofaNd  laser  was  employed  recently  to 
replicate  fine  scale  patterns  (99).  Single  t-nsec.  35  J  pulses  were  adequate  to 
produce  plasmas  that  emitted  sufficient  x-rays  to  expose  PBS  at  10  cm.  A 
pattern  in  the  resist  with  0.5-//m  lines  is  shown  in  Fig.  8.  The  PBS  required 
less  exposure  with  1-nsec  pulses  of  x  rays  compared  to  steady  exposures. 
This  sensitization  may  be  due  to  heating  of  the  resist  by  x-ray  deposition. 

The  need  for  repetitively  pulsed  laser-plasma  sources  for  x-ray  lithogra¬ 
phy  is  clear.  Current  Nd  systems  that  produce  10  J  or  more  can  only  be  fired 
at  rates  of  about  10  2  Hz  or  less.  For  10%  conversion  and  a  source-lo-wafer 
distance  of  30  cm.  only  about  0.1  mJ/cm2/shot  is  available.  Hence,  more 
than  10  shots  are  needed  and  ev  en  with  fuli-w  afer  exposures,  throughputs  of 
only  a  few  levels  per  hour  would  result. 

The  initial  lithographic  work  with  a  high-repetition-rate  laser  system  was 
recently  completed  (93).  A  10-Hz  1LS  Nd :  YAG  sy  stem  that  produced  up  to 
0.8  J  in  25-nsec  pulses  was  used  to  irradiate  targets  across  the  periodic  table 
(C-U).  Spectral,  spatial,  and  temporal  source  characterization  measure¬ 
ments  were  performed.  X-ray  wavelengths  as  short  as  1 3  A  were  observed, 
and  COP  resist  was  exposed  through  a  2-/<m  poly  mode  mask  membrane  lor 
20  min  at  10  Hz  with  le  radiation  at  7  cm  from  the  source.  For  the 
irradiance  achieved  in  this  work,  the  conversion  efficiency  into  kilo-elec¬ 
tron-volt  x  rays  is  only  about  10  -  (100).  Measurement  of  the  spectrum 
transmitted  by  2  // m  of  polyimide  showed  that  the  resist  was  exposed  with 
photons  in  the  IOO-284-eV  range. 

A  10-Hz  Nd  laser  capable  of  producing  harmonics  at  0.53  and  0.35  /on 
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Hr  #  Scanning  electron  micrograph  ot  the  replica  ol  a  0  45-//m  transmission  grating  in 
PBS  resist  exposed  with  s  ra\s  from  a  single  laser-heated  plasma  (A  l()-/<m-long  scale  is 
shown  I  (from  Yaakohi  fi  ill  |‘W|.) 

was  employed  recently  to  produce  X  -  UV-emitting  plasmas  [101].  The 
beam  divergence  of  the  system  used  did  not  permit  tight  focusing.  Hence, 
relatively  low  plasma  temperatures  and  long  wavelength  (<4()0-eV)  emis¬ 
sion  resulted.  Small  beam  divergence  as  well  as  high  peak  and  average 
powers  are  needed  for  \-ray  production  with  lasers.  Presently  available, 
high-repetition-rate  commercial  Nd  lasers  are  insufficient  for  practical  x-ray 
lithography. 

I  he  Nd  lasers  used  to  date  for  x-ray  lithography  have  been  produced  for 
other  purposes  In  most  of  them,  the  pulse  makes  only  a  single  pass  through 
the  amplifiers,  so  that  efficient  energy  extraction  is  not  achieved.  Only  now 
are  laser  systems  being  designed  and  built  with  the  aim  of  producing 
x-ray-cmittmg  plasmas  In  about  a  year.  10-11/  Nd  xvstems  that  produce 
It)  J  per  25-nsec  pulse  (100  W  average  power)  should  be  available  in  the 
laboratory  ( 102)  I  hese  will  contain  slab  laser  amplifiers  rather  than  cylin¬ 
drical  rods  Multiple-bounce  paths  through  the  slab  between  the  parallel 
walls  should  give  improved  energy  extraction  II  adequate  beam  quality  is 
achieved,  irradiances  near  I014  W/cnv  will  result.  1  hen  useful  average  x-rav 
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powers  of  10  W  would  be  available.  Exposure  of  a  resist  requiring  1 0  mJ/cnr 
at  30  cm  would  require  only  10  sec  with  such  a  laser.  This  system  could  be 
employed  in  a  prototype  laser-plasma  x-ray  exposure  station.  As  with 
repetitively  pulsed,  discharge-heated  plasma  sources,  reliability  over 
hundreds  of  hours  is  a  primary  question. 

Excimer  lasers  are  promising  as  drivers  for  production  of  x-ray-emitting 
plasmas.  Their  short  wavelengths  (0. 1 5  -  0.35  nm)  are  efficiently  absorbed  in 
target  plasmas,  and  the  associated  high  critical  electron  densities  favor 
intense  x-ray  emission.  Furthermore,  gas  excimer  lasers  might  allow  higher 
repetition  rates  and  average  powers  than  do  solid-state  lasers.  Commercially 
available  KrF  excimer  lasers  (>.  —  2485  A)  currently  produce  energies  of 
about  0.5-1  Jin  1 5-nsec  pulses  at  rates  of  10-20  Hz  (average  powers  up  to 
20  W).  An  excimer  system  that  yields  1  J  per  pulse  at  100  Hz  ( 100  W  average 
power)  has  been  marketed  recently.  Measurements  of  X-ray  spectra  and 
intensities  from  plasmas  heated  by  excimer  lasers  are  needed.  If  such  lasers 
give  promising  results,  engineering  of  higher-average-power  excimer  sys¬ 
tems  specifically  for  x-ray  production  will  be  indicated. 

The  work  with  10-Hz  lasers  to  date  has  involved  the  use  of  solid-cylindri¬ 
cal  targets  that  move  to  place  fresh  material  at  the  focus  prior  to  each  shot. 
Such  a  source  would  not  be  practical  in  a  commercial  system.  Several 
possible  automatic  target  changers  have  been  discussed.  One  of  them  is 
shown  schematically  in  Fig.  9.  A  coating  of  5  /im  of  target  material  on  5- 
/rm-thick  Mylar  would  produce  the  same  x-ray  intensity  as  a  thick  target  but 
with  much  less  debris.  Proper  rotation  and  translation  would  lead  to  effi¬ 
cient  usage  of  the  target  foil. 


i 

Rg.  9.  Schematic  of  a  roll-to-roll  metal-coated  plastic  laser-target  s-ras  source  Sidewass 
translation  with  a  mechanism  not  shown  distributes  the  laser  shots  Actual  shot  densits  would 
be  much  greater  than  indicated 


i:  :s 


\KI  M 


'SI  .  A  T  H  AMI'.  ^  if  f* 


Fig.  10.  Float  ion- mow.  schematic  of  a  laser  and  exposure  facilitv  for  replication  of  multiple 
mask-wafer  (MW)  combinations  aligned  and  locked  together  at  nearhs  stations  prior  to 
transfer  into  the  exposure  chamber  The  laser  pulse,  turned  h\  mirror  M.  is  focused  b\  lens  I 
onto  target  I  in  a  chamber  evacuated  bs  pump  P  (From  Nagel  or  at  [45].) 


There  are  at  least  two  approaches  to  integration  of  a  laser-plasma  x-rav 
source  with  wafer-handling  equipment.  The  more  conventional  is  to  use 
standard  horizontal  alignment  hardware  and  translate  the  mask -wafer 
combination  under  the  x-ray  source  [27],  Another  approach  is  shown 
schematically  in  Fig.  10.  In  this  case,  masks  and  wafers  would  be  aligned  and 
locked  together  with  devices  discussed  in  Section  II.  They  would  then  be 
placed  in  the  laser-plasma  exposure  chamber.  Several  alignment  locks  could 
be  exposed  simultaneously  to  take  advantage  of  the  unique  small,  nearly 
equiaxed  nature  of  laser-heated  plasma  sources.  Of  course,  debris  shields 
and  emission  uniformity  are  among  the  concerns  for  this  approach. 


VII.  CONCLUSION 
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In  the  past  decade,  x-ray  lithography  has  moved  from  a  laboratory 
demonstration  to  the  production  line  use  of  prototype  equipment  It  is 
difficult  to  estimate  the  costs  but  over  $30  million  may  have  been  spent  on 
x-ray  lithography  research  and  development  during  that  period.  A  brief 
history  and  upbeat  projection  for  x-ray  lithography  are  shown  in  Fig.  I  I 
[27]  Problems  with  x-ray  lithography  have  been  assessed  and  are  being 
overcome.  For  example,  early  concerns  that  lithographically  produced 
radiation  damage  would  severely  limit  the  use  of  x-ray  exposures  were 
shown  to  be  important  but  not  fatal  [  103],  The  many  advantages  of  x-ray 
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lithography  (especially  resolution,  throughput,  and  y  leld )  bode  w ell  tor  its 
future. 

Electron-impact  sources  will  probably  be  subject  to  little  further  engineer¬ 
ing  development.  They  are  now  being  used  to  produce  1  -  Mbit  bubble 
memory  devices  with  I  2-//m  minimum  feature  si/e  at  Intel  Magnetics  [66], 
That  company  recently  announced  a  new  commercial  4-Mbit  bubble  mem¬ 
ory  chip  with  0.75-mm  features  f  104 J.  f  ull-"  afer  exposures  are  providing 
valuable  experience  in  the  commercial  use  of  x-ray  lithography.  Adequate 
intensity  for  submicrometer  step-and-repeat  schemes  remains  a  major  con¬ 
cern  with  electron-impact  sources. 

Synchrotron  radiation  sources  for  x-ray  lithography  are  being  intensively 
studied  now  .  I.arge  multipurpose  storage  rings  are  employed  to  demonstrate 
capabilities,  while  compact  special-purpose  rings  are  being  designed  for 
lithography.  Operating  microcircuits  but  not  commercial  dev  ices  hav  e  been 
made  with  synchrotron  x  radiation.  System  costs  and  long-term  perform¬ 
ance  are  areas  of  concern  for  x-ray  lithography  with  synchrotron  x-ray 
lithography. 

Two  types  of  low-repetition-rate  discharge-heated  plasma  sources  (the 
putt  and  dense  plasma  focus  devices)  and  both  low-  ( 10  '-!!/)  and  medium- 
(10-H/)  rate  Nd  laser  plasma  sources  have  been  used  for  resist  exposure 
demonstrations.  Microelectronic  devices  have  yel  to  be  produced  with 
plasma  x-ray  sources.  A  great  deal  of  source  engineering  remains  tor  both 
discharge  and  laser  sources.  Hficiency.  repetitive  pulsing,  and  reliability  are 
major  concerns  for  discharge  sources.  Adequate  beam  energy  and  quality .  as 


164 


D  j  Nagel 


well  as  reliability,  are  among  the  development  challenges  for  laser-plasma 
sources. 

There  are  foreign  as  well  as  United  States  programs  in  x-ray  lithographs 
with  electron-impact  and  sy  nchrotron  sources.  C  uriously,  work  on  lithogra¬ 
phs  with  x  rays  from  plasmas  seems  to  be  confined  to  the  United  States.  In  a 
decade,  it  should  be  clear  which  of  the  various  plasma  sources  is  commer¬ 
cially  viable.  The  situation  may  be  similar  to  that  for  the  internal  combus¬ 
tion  engine  for  which  from  among  a  plethora  of  designs  (reciprocating 
versus  rotary,  gasoline  versus  diesel,  etc  ),  several  alternative  types  have 
found  niches  in  the  marketplace. 


APPENDIX.  X-RAY  SOURCE  CHARACTERIZATION 

It  is  necessary  to  measure  the  spectral  output,  source  si/e.  and  spatial 
distribution  as  well  as  the  time  variation  of  x-ray  sources  for  lithography  for 
two  purposes: 

( 1 )  the  specification  of  x-ray  sources  and  exposure  stations  and 

(2)  the  monitoring  of  source  output. 

Both  v  endors  and  users  of  x-ray  lithography  equipment  w  ill  need  hardw  are 
and  techniques  (possibly  standards)  to  set  specifications  and  check  actual 
output  at  procurement.  And  during  routine  processing,  users  of  x-ray 
sources  will  have  to  monitor  source  output  to  ensure  adequate  performance. 
Approaches  to  measuring  the  various  source  characteristics  for  these  reasons 
are  outlined  m  this  appendix  In  general,  the  techniques  apply  to  electron- 
impact  and  sv  nchrotron  radiation  as  well  as  plasma  sources. 

Spectia  of  electron  impact  [  I  Oh]  and  synchrotron  radiation  1 107]  sources 
can  he  calculated  with  useful  accuracy,  but  it  is  still  necessary  to  measure 
their  output  because  of  time-dependent  window  or  mirror  contamination 
and  other  possible  malperformancc  (e  g.,  current  loss  from  the  focal  spot  or 
shift  m  the  electron  orbit)  Scanning  tlal-crystal  spectrometers  are  useful  for 
both  impact  and  orbiting  electron  sources  ]  I  OX],  Plasma-source  spectra  are 
not  predictable  quantitatively,  lor  a  rapidly  pulsed  cw  plasma  source,  a 
scanning  spectrometer  can  be  used,  but  in  general,  a  convex  curved-crystal 
spectrograph  that  records  a  wide  range  of  wavelengths  simultaneously  on 
photographic  him  must  be  used  ( l(W). 

The  spectrometers  and  spectrographs  employed  for  source  characteriza¬ 
tion  arc  suitable  lor  bench  testing  of  x-ray  sources  during  development  or 
prior  to  installation  in  exposure  stations  That  is.  they  are  loo  bulky  to  check 
spectra  w  ith  the  source  in  an  aligner  system  figure  I  2  shows  how  a  compact 


a  v  *  ■ 

•Vv 

*V\ 

.«s 

ItS.V 


6  Plasma  Sources  for  X  Ray  Lithography 


165 


HK.  12.  Svhcnulk  concept  lor  a  low -profile  spectral  intensity  monitor  tor  insertion  in 
aligners  to  determine  \-ra>  intensify  at  tvs *>  wavelengths  if  rom  Na^el  anil  Whitlock  1 1  1  < i J  i 


spectral  monitor  could  he  made  lor  use  in  an  exposure  station  [1 10].  B> 
appropriate  choice  of  crvstal  (see.  for  example.  Gilfrich  cl  a  I  [III])  or 
multilaxer  (see.  for  example.  Barbee  [112])  dispersion  elements,  wave¬ 
lengths  of  interest  w  ill  he  diffracted  at  90  into  the  detectors.  Such  a  device 
could  he  inserted  periodicallv  to  test  the  absolute  output  of  a  production 
source  at  two  wavelengths 

Determination  of  x-rav  source  si/es  is  best  done  with  simple,  cheap 
pinhole  cameras.  In  situ  monitoring  of  source  si/e  can  he  accomplished 
easilv  if  provision  is  made  to  swing  the  pinhole  into  ihe  exposure  column, 
sav.  one-quarter  of  the  wav  from  the  source  to  the  wafer  position.  I  hen  a 
3X-magmhed  image  of  the  source  will  result.  Recording  could  he  done 
quicklv  with  a  sensitive  photographic  him  in  a  light-tight  cassette  with  a  thin, 
.x-rav -transmissive  window  Removal  of  the  pinhole  and  use  of  an  insensi¬ 
tive  him  [ !  1 .1]  ordved  plastic  [114]  would  permit  determination  of  the  x-rav 
source  unifornntv.  Both  him  [  I  1 5]  and  plastic  dosimeter  materials  [  I  16]  can 
he  calibrated  for  quantitative  dose  determination 

Ihe  time  variation  of  x-rav  emission  is  of  interest  for  two  reasons  With 
plasma  sources,  the  submicrosecond  intensitv  variation  is  a  sensitive  indica¬ 
tor  of  source  performance,  f  or  all  sources,  long-term  intensitv  degradation 
must  be  assessed.  Manv  simple,  broad-hand  detectors  are  available  for 
pulse-shape  and  drift  determinations.  Silicon  />-/-/;  diodes  have  response 
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times  as  short  as  I  nsec.  Simple  scintillator-fiberoptie-photodetector  systems 
should  he  useful  monitors. 

Development,  testing,  and  ealibration  of  souree  eharaeteri/ation  tools  for 
x-ray  lithography  largely  remain  for  the  future.  Plasma  diagnostics  instru¬ 
mentation  is  useful  but  inadequate.  It  is  expected  that  x-rav  sensors  tailored 
to  lithographic  needs  will  be  commercially  available  in  several  years. 
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Soft  x-ray  lithography  using  radiation  from 
laser-produced  plasmas 


P.  Gohil,  H.  Kapoor,  D.  Ma,  M.  C.  Pekerar,  T.  J.  Mcllrath,  and  M.  L  Ginter 


Plasmas  lurmed  by  focusing  iMi  .1  pulses  from  a  In  H/  Nd  N  A(.  laser  •  »n l « »  wohd  targets  *ere  used  as  soft 
x  ray  sources  lor  hthographn  studies  Results  of  ex(s»smg  masked  photoresists  to  plasma  radiation  pro 
duced  using  steel,  copjier.  and  tungsten  as  targets  are  presented 


I.  Introduction 

Laser  produced  plasmas  have  proven  to  In*  excellent 
sources  of  short  wavelength  radiation  with  a  wide  va¬ 
riety  of  applications  in  the  XI  'V  and  soft  x-ray  regions. 
In  this  work  we  report  results  which  extend  earlier1 
preliminary  x-ray  lithographic  studies  |>erformed  using 
a  high-repetition  rate  plasma  light  source.-'  The 
laser  driven  light  source  and  experimental  chamber 
have  heen  described  in  detail  previously  1  -'  Briefly,  the 
laser  is  an  International  Laser  System  (ILS)  Nd:VA(I 
laser  ( A  =  I  .(Hi  pm),  which  consists  of  a  (/-switched  os 
cillator  cavity  and  three  amplifier  sections  operated  at 
a  repetition  rate  of  10  Hz.  Laser  pulses  were  25- nsec 
FWHM  with  energies  typically  in  the  O.'IO  tiTO-m.l  range 
fur  the  majority  of  the  experiments  described  below. 
The  laser  beam  was  steered  to  an  evacuated  source 
chamber  by  dielectrically  coated  mirrors  and  was  fo 
ctised  on  the  surface  of  metal  targets  within  an  evacu¬ 
ated  light  source  chandler  by  a  convex  glass  lens  with 
f  =  BIO  mm  (see  Fig.  1 1  Light  emitted  from  the  plasma 
produced  by  the  focused  laser  pulse  passes  from  the 
source  chamber  through  an  -20  mm  diam.  aperture 
into  an  experimental  chamber  containing  the  object 
being  irradiated,  in  the  present  case  masked  photores¬ 
ist-coated  substrates  and/or  x-ray  photodiodes,  with  the 
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center  line  from  the  experimental  chamber  a|>erture  to 
target  lieing  at  nearly  right  angles  to  the  laser  beam  (see 

Fig.  !>. 

II.  Experimental  Conditions  and  Procedures 

The  irradiance  of  a  driver  pulse  is  determined  from 
the  laser  parameters  listed  above  and  the  focal  spot  size 
on  the  target  surface.  The  focal  sjxit  size  (focused  l>eam 
waist)  for  the  system  in  Fig.  1  was  measured  using  a 
ret  icon  diode  array  (resolution  17  pm)  placed  in  the 
focal  plane  of  the  lens.  To  protect  the  reticon  the  in¬ 
cidence  laser  intensity  was  reduced  ~1()_;  bv  reflection 
of  the  beam  off  optical  flats  followed  by  passage  through 
neutral  density  filters.  The  measured  FWHM  beam 
diameter  was  170  pm,  as  can  he  seen  from  the  repro¬ 
duction  of  a  typical  oscillograph  of  the  ret  join's  output 
appearing  in  Fig.  2.  I  tse  of  standard  beam  profile  for¬ 
mulae  for  a  TKMimi  spatial  mode1’  leads  to  a  theoretical 
minimum  s[x>t  size  from  our  lens  and  laser  of  (50  pm  with 
a  confocal  beam  parameter  of  14  mm  Previous  mea 
surements1  of  target  crater  diameters  for  low  power 
pulses  on  refractory  targets  and  on  plastic  tape  provide 
an  independent  estimate  of  —  1.50  pm  for  the  focal  spot 
diameter.  Since  the  — 170  pm  images  obtained  oil  the 
reticon  could  he  larger  than  the  on  target  images  he 
cause  of  aberrations  introduced  by  the  intensity  re 
duction  optics  (see  above).  170  and  (50  pm  seem  rea¬ 
sonable  upper  and  lower  bounds,  respectively  Thus 
for  25  nsec.  0(55  .1  pulses  with  focal  spot  diameters  of 
♦50,  1.40.  or  170  pm.  the  averaged  incidence  irradiance  on 
a  target  surface  normal  to  the  incident  beam  would  he 
9.2  X  1 0 1 1 ,  I  K  X  10".  or  I  I  x  Id1 1  W  cm  pulse 

The  light  source  uses  cylindrical  metal  targets 
(-1(5  mm  diameter)  attached  to  a  programmable 
stepping  motor  driven  screw  which  can  provide,  among 
other  options,  a  tresh  area  of  target  material  for  each 
laser  pulse.  The  plasma  producing  laser  pulses  usually 
are  focused  out  he  target  surface  somew  here  in  t  he  oc 
taut  la-tween  normal  im  ideme  i/  in  Fig  tl  and  an  in 
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Fig  1  Schematic  diagram  of  experimental  arrangements  Light 
from  a  Utter  is  deflected  and  height  adjusted  with  three  mirrom  1 1.2.8) 
focused  by  a  glass  lens  (4)  through  a  Pyrex  window  l.r>)  onto  a  cylin 
dries!  metal  target  17)  to  produce  a  plasma  plume  (6)  Radiation  from 
the  light  source  chamber  passes  into  the  experimental  chamber 
through  a  mask  (8)  onto  a  photoresist  coated  wafer  (9l  held  in  an 
alignment  mount  (101. 


.  •  50  pm 

—■•I  |“»  1 70  pm 


•  •  V.V  *v.V 


F.g  2.  Plots  of  the  observed  spatial  distributions  of  the  1  (#>4 
beam  (a)  and  0.6828  jim  reference  beam  (hi  at  the  Rh  us  of  an  f  = 
310  mm  lens.  Data  points  are  from  17  *im  wide  detector  elements 
on  17  #im  centers  for  0.6828  jim  and  from  17  ^m  elements  on  84  pm 
centers  for  1.064  pm  Calculated  values  for  2u>o  ( \/*'2  full  widthl  are 
100  42m  (1.0641  and  88  pm  (0  6828) 


cidence  angle  of  45°  to  the  target  surface's  normnal  ( /. " 
in  Fig.  3).  The  choice  of  focal  spot  positioning  on  the 
target  is  determined  by  the  experimental  conditions 
desired,  because  both  the  intensity  of  the  light  and  the 
quantity  of  ablation  products  from  the  target  oh 
served1’2,4  in  the  direction  of  the  experiment  ( F.  in  Fig 
3)  increase  as  the  focused  driver  ray  proceeds  from  /,  to 
L " .  For  the  lithographic  exposures  described  below, 
an  angle  of  incidence  of  ~27°  (/,’  in  Fig  HI  was  chosen 
as  a  compromise  between  a  reduced  soft  x-ray 
throughput  to  the  wafer  surface  and  an  intolerable  level 
of  target  debris  in  the  experimental  chamber  containing 
the  wafer.  The  elongation  of  the  focal  spot  image  in  one 
direction  produced  by  striking  the  target  surface  at  21° 
to  the  cylinder’s  normal  leads  to  almost  negligible  de 
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pig  8.  Schematic  diagram  of  laser  focal  spot  p«*iitinns  on  the  target 
surface  The  target  cylinder  rotates  about  axis  .4 ,  which  is  perpen 
dicular  to  incident  laser  rays  (/. ,1/  J. " )  and  to  the  plasma  light  exiting 
from  the  source  to  the  experimental  chamber  in  direction  E 


creases  in  the  averaged  per  pulse  radiation  discussed  in 
the  preceding  paragraph  (i.e.,  a  drop  from  1.8  X  1011  to 
1.6  X  It)11  W/cm2/pulse  for  the  130-pm  diameter  normal 
incidence  example,  etc.). 

Lithographic  reproductions  of  circuit  patterns  were 
made  by  exposing  masked  photoresist-coated  wafers 
placed  ~15  cm  from  the  focal  spot  on  the  target  to  ra¬ 
diation  from  the  plasma.  The  photoresist  used  was  a 
copolymer  of  polyglycidyl  methacrylate  and  ethyl  ac¬ 
rylate  (C'OF),  which  was  spun  to  a  thickness  of  4700  A 
on  the  surface  of  76  mm  diameter  silicon  wafers.  OOP 
is  a  negative  photoresist  with  a  sensitivity'’  of  1 5  m.l/rm- 
corresponding  to  the  energy  per  unit  area  required  to 
form  bonds  between  molecules  in  the  photoresist. 
Masks  consisted  of  polyimide  membranes  overlaved 
with  circuit  patterns  in  gold 

The  polyimide  membrane  used  for  mask  construction 
was  made  by  forming  a  thin  layer  of  polyimide  on  a  glass 
surface  spinning  at  4000  5000  rpm  and  by  subsequent 
removal  of  the  glass  with  hydrogen  fluoride  solutions 
The  transmission  of  the  1.5  pm  thick  membrane  was 
measured  at  the  National  Synchrotron  l.ighl  Source 
(NSLS).  Brookhaven  National  Laboratory,  using  the 
VUV  storage  ring  l 'sing  calibrated  dosimeter  film 
FWT  60-20,'’  the  transmission,  integrated  over  the 
~44  100  A  effective  bandpass  of  the  membrane,  was 
found  to  lie  7 O'1;  To  complete  a  mask,  circuit  patterns 
in  a  0.5  pm  thick  la\er  of  gold  were  formed  on  the 
fMtlyimide  film 

In  each  ex|>eriment  the  photoresist  coated  wafer  was 
placed  10  pm  behind  the  mask  in  a  kinematic  mount 
designed  to  allow  precise  alignment  of  lx  it  h  mask  and 
wafer  The  mounted  mask/wafer  assembly  then  would 
in*  inserted  in  the  experimental  c  handler  and  the  light 
source  and  ex|ierimental  chandler  isee  Fig  1 1  evac  uated 
to  ~0  050  Torr.  Targets  of  copper,  steel,  or  tungsten 
were  used  with  the  optical  arrangements  discussed 
above  to  expose  the  masked  resists  for  times  ranging 
from  15  to  60  minutes  at  pulse  repet  it  ion  rates  of  10  Hz 
After  exjiosure,  the  mask  and  wafer  were  separated,  the 


1  July  1985  i  Vol  24  No  13  APPUtD  OPTICS 


3$ 


A 

>  .» I 


my 

y  .•>> 


A/. 

•V.a> 


'W& 


UvJ 

V 


-.2.  2  21 


.*».v 


»  4 


y-y.y.8 

-m 


•• 

-.  s'  V.%' 


2025 


J 


Fig  4.  Photograph  of  a  developed  ('OP  photoresist  exposed  through 
a  mask  for  1  h  using  a  Cu  target  (see  text).  The  smallest  element  is 
~19  pm  wide,  while  the  small  spots  result  from  imperfections  in  the 
microscope  optics  and  are  not  a  product  of  the  lithography 


EXPOSURE  TIME  (m. notes) 

Fig  tv  Depth  of  photosensitized  ietchahle>  resist  as  a  function  <*t 
exjx*sure  time  to  pulsed  laser  plasma  radiation  produced  at  a  repe 
tition  rate  of  10  Hz  (see  text  l  Triangles,  circles,  and  squares  repre 
sent  data  points  for  Fe  (steel I.  Cu,  and  W  targets,  respect ivek 


Fig  5»  Photograph  of  a  scanning  electron  micrograph  of  a  develop! 
COP  photoresist  exjK>se<l  as  in  Fig  I  The  top  figure  is  a  *  *  en 
large  me  nt  of  a  [tort  ion  of  the  lower  panel,  wit  ft  the  longer  of  the  ( hree 
white  lines  in  the  lower  right  hand  «  orner  o<  the  fop  figure  hetng  l<‘ 
*jm  in  the  photi»graph  I'he  small  spots  result  from  imjiertei  terns 
in  the  mask  and  not  from  (he  lithographs 


exposed  resist  was  removed  from  the  wafer  by  devel 
oping,  and  the  resulting  lithographs  were  studied  by 
detail. 

III.  Results  and  Discussion 

The  developed  photoresists  were  examined  using 
both  optical  and  electron  microscopy.  Figures  4  and 
■r>  are  reproductions  of  typical  optical  and  electron  mi 
croscope  photographs,  respectively,  illustrating  the 
clarity  of  sidewall  profiles  (average  vertical  wall  uni¬ 
formity  better  than  (f.;(  ^m)  obtained  from  lithographs 
in  COP  resists  exposed  using  a  copper  target  The 
small  spots  in  Fig  4  result  from  dust  particles  in  the 
microsco|>e  optics  while  the  small  indentations  apparent 
in  Fig.  !>  result  from  pinholes  in  the  mask  The  depth 
of  the  resist  removed  on  development  corresponds  to 
the  depth  photosensitized  and,  therefore,  to  the  amount 
of  radiation  received  by  the  resist  which  is  effective  in 
bond  formation  The  depths  of  development  of  pho¬ 
toresists  exjxised  for  different  I imes  using  ( 'u,  Fe  (steel), 
or  W  targets  were  measured  with  an  electron  micro 
scope,  and  the  results  are  summarized  in  Fig  l>. 

The  radiations  observed  from  the  plasma  source  and 
targets  employed  in  this  work  are  most  intense  in  the 
"i(*  MX)  A  region.1 '  *  so  t hat  it  seems  likely  that  resist 
exjxisures  resulted  primarih  from  radiation  transmitted 
m  the  short  wavelength  (  "44  KHi  Ai  effective  bandpass 
(see  abovel  of  the  polyinnde  mask  substrate  In  these 
wavelength  regions,  the  emissions  from  Cu  and  Fe 
(steel!  targets  are  predominant Iv  dense  line  spectra 
overlaying  weaker  contmua  ls|x*etra  of  focused  plasmas 
from  (  u  targets  liecome  predominantly  continuous  near 
Ml  A" I  while  the  emissions  from  VV  targets  are  almost 
ext  lusivelv  continuous  with  very  few  discrete  spectral 
lines  observable  1  "  As  can  he  seen  from  Fig.  (i  it  ap 
(•ears  that  radiation  from  Cu  and  Fe  (steel!  targets  is  at 
least  twin-  as  effective  in  exposing  our  masked  COP 
lithographs  as  the  continuous  emission  from  VV.  with  Fe 
being  slight  I  v  superior  to  Cu  The  relat  ive  ordering  of 
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Fe  >  Cu  >  W  for  exposure  efficiency  may  have  a  slightly 
greater  spread  than  implied  by  Fig.  6,  since  the  quan¬ 
tities  of  ablation  products  produced  by  these  targets  fall 
in  the  order  W  >  Fe  >  Cu.  Thus,  a  system  which  re¬ 
duces  or  stops  the  migration  of  ablation  products  from 
the  targets  into  the  experimental  chamber  might  lead 
to  greater  differences  between  the  efficiencies  of  Fe  and 
Cu,  etc.  than  those  reported  in  Fig.  6. 

The  same  masks  and  similar  COP-coated  silicon 
wafers  were  exposed"  at  NSLS  and  developed  by  the 
same  procedures  as  the  lithographs  discussed  above. 
The  sole  object  of  these  experiments  was  the  direct 
comparison  of  analogous  lithographs  prepared  using 
different  light  sources.  We  find  that  ( 1 )  the  lithographs 
exposed  using  the  plasma  light  source  were  uniformly 
exposed  over  their  entire  area  while  the  lithographs 
exposed  using  the  electron  storage  ring  light  source 
(NSLS)  were  much  less  uniform,  (2)  to  produce  expo¬ 
sures  comparable  with  those  obtained  in  the  most  in¬ 
tense  positions  of  the  beam  from  NSLS  requires  ~10 
times  more  elapsed  time  using  the  laser  plasma  source, 
and  (3)  there  were  no  obvious  differences  in  the  quality 
of  the  lithographs  (wall  and  surface  uniformity,  etc.) 
made  using  either  light  source. 

The  total  soft  x-ray  jutput  of  the  laser  plasma  light 
source  currently  in  use  can  be  increased  ( 1 )  by  increas¬ 
ing  the  repetition  rate  of  the  laser,  (2)  by  using  focusing 
optics  with  soft  x-ray  reflective  coatings,  (3)  by  in¬ 
creasing  the  energy  per  pulse  at  the  same  repetition  rate, 
and/or  (4)  by  reducing  the  quantity  of  ablation  products 
from  the  target  which  travel  to  the  experiment.  All  four 
of  these  approaches  will  be  incorporated  in  future  ef¬ 
forts  to  produce  a  laboratory  light  source  for  soft  x-ray 
lithography  which  is  at  least  as  intense  and  of  signifi¬ 
cantly  better  intensity  uniformity  per  steradian  than 


can  be  obtained  from  the  current  generation  of  syn¬ 
chrotron  light  sources. 
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LASER-PLASMA  SOURCES  FOR  X-RAY  LITHOGRAPHY 
D.J.  Nagel 

Naval  Research  Laboratory 
Washington  DC 

USA 


The  status  of  characterization  and  engineering  of  laser-heated 
plasma  sources  for  x-ray  lithography  is  reviewed. 


INTRODUCTION 

A  hierarchy  of  competitions  is  in  progress  to  determine  which  lithography  tool 
will  be  dominant  for  microcircuit  production  in  the  !990’s: 

*  X-ray  lithography  is  projected  to  gradually  supplant  optical  lithography  as 
commercial  1  inewidths  approach  0.5  pm. 

*  Bright  x-ray  sources  suitable  for  step-and-repeat  replications  onto  large 
wafers  will  be  preferred  over  current  x-ray  tubes  which  expose  entire  medium- 
size  wafers. 

*  Storage  ring  sources  uf  synchrotron  radiation  and  dense,  multimillion  degree 
plasmas  are  candidate  second  generation  x-ray  lithographic  sources. 

*  Both  electrical  discharges  and  laser  beam  plasma  x-radiation  sources  are  now 
being  commerc la  1  lzed  for  lithography. 

*  High  peak  and  average  power  solid-state  (notablv  Ndi  and  gaseous  (excimeri 
laser  systems  are  both  being  considered  for  production  line  systems. 

This  paper  briefly  updates  a  review  of  plasma  sources  for  x-iav  lithography  i  1  i  by 
summarizing  lecent  advances  and  current  efforts  devoted  to  development  of  x-ray 
exposure  tools  with  laser-heated  plasma  sources.  The  possibility  of  subkilovolt  x- 
rav  lithography  is  examined  in  the  next  section.  Continuing  research  on 
charac t er l zat ion  of  laser-plasma  x-radiation  is  then  sketched.  Current  efforts  to 
design  laser  and  exposure  systems  with  appropriate  features  are  described  in  the 
next  two  sect  ions.  De ve 1 opment  of  reliable  pulsed  lasers  with  adequat  e 1 v-h l gh  peak 
and  average  power,  and  of  exposure  stations  which  prevent  target  debris  from 
degrading  masks,  is  both  necessary  and  challenging. 

Sl'BK I  LOVOLT  X-RAY  LITHOGRAPHY 

Most  research  and  commercial  x-rav  lithography  systems  operate  in  the  1  to  a  keV 
region  (12  to  wavelengths!  because  lines  him  convenient  x-iav  tube  anode 
materials  occur  in  this  range.  However,  as  shown  in  Figure  I,  resist  absorption  is 
low  above  1  keV,  while  absorption  is  high  in  the  subkilovolt  region,  down  to  the 
oxvgen  and  carbon  K-absorption  edges  at  294  eV  and  4)2  eV.  Furthermore,  the  x- 
radiation  from  1  aser-p 1 asmas  is  most  intense  in  the  subkilovolt  legion. 
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Figure  1 

The  fractional  x-ray  absorption  of  PMNA  layers 
of  the  thicknesses  indicated  (pm)(2> 

Above  1  keV,  where  large  area  transparent  masks  have  already  been  developed  for 
use  with  x-ray  tubes,  l ase t-p l asma  intensity  decreases  rapidly  with  photon  energy. 
Lasers  with  peak  powers  exceeding  10*®  watts  are  needed  to  achieve  irradiance 
values  of  10'^  V/cm^  required  for  1  OX  efficiency  of  conversion  of  laser  light  into 
x-rays  above  1  keV  (emitted  into  2tt  srl.  Lasers  with  10^  watt  pulses  will  not 
produce  radiation  above  1  keV  with  adequate  effeciency,  but  wi  1  l  provide 
irradiances  exceeding  101 *  W'cm2  which  give  conversion  fractions  exceeding  101  for 
subkilovolt  x-radiation. 

There  are  two  reasons  why  x-ray  lithography  below  1  keV  has  been  little  studied. 
The  same  diffraction  effects  which  iequue  x-tay  lathei  than  ultraviolet 
wavelengths  in  the  first  place,  set  a  lower  lupperi  limit  an  x-rav  eneigies 
(wave  1  engths I.  For  diffraction  of  wavelength  A  past  an  edge  the  blurting  B  at  a 
distance  S  (the  mask-wafer  separation'  is  appi ox i mat e 1 y  B  V  S  A  2.  If  B  is  to  be 
less  than  0.5  pm  (or  0.1  pm'  for  S  =  25  pm.  A  must  be  less  than  200A'SA>.  Also, 
window  and  mask  absorption  are  severe  in  the  subkilovolt  legion. 

Small  area  (few  r»’i  st  ep-and- r  epeat  masks  with  plastit  membianes  could  be  used 
below  the  C  K-edge.  but  they  would  have  to  be  very  thin  <•  1000  k[.  Diffiaction 
effects  are  large  enough  to  make  this  region  of  1 iM  le  interest  anyway. 

Above  the  carbon  edge,  resist  absorption  is  favorable  and  diffiaction  is  toleiable 
for  nearer-term  line  widths,  but  masks  are  still  a  problem.  Metal  membranes  about 
0.5  pm  thick  are  being  examined  for  use  in  this  legion.  Their  opacity  to  optical 
wavelengths  requires  an  alternative  alignment  strategy. 

The  0.5-1  keV  region  is  attiactive  because  laser  plasma  intensities  and  x-iav 
absorption  are  still  high  in  this  region  'for  short  exposure  times',  diffiaction 
is  adequately  low  and  tianspaient  masks  should  be  available. 

Increasing  attention  will  be  given  to  x-rav  lithography  with  subkilovolt  photon 
energies  because  high  intensities  aie  available  |  p  1  asmas  which  can  be  produced 
by  lasers  with  lower  peak  powers,  a  mator  engineering  advantage. 
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X-RAY  CHARACTERIZATION 

The  spatial  and  temporal,  as  well  as  spectral  properties  of  laser-plasma  x-ray 
emission  must  be  known  for  design  of  lithography  systems.  These  depend  on  the 
laser  wavelength,  pulse  energy  and  length,  focal  area  and  the  target  composition 
and  geometry.  Many  quantitative  studies  of  plasma  x-ray  emission  have  been  made 
since  1970  with  "single  pulse"  (low  repetition  rate)  lasers  made  for  purposes 
other  than  lithography.  In  the  recent  past,  such  work  has  been  extended  to  use  of 
small  lasers  with  more  relevant  repetition  rates  of  a  few  Hz  or  greater.  X-ray 
characterization  work  continues  at  many  laboratories  in  the  U.S.S.R.,  Israel,  the 
F.R.G.,  France,  the  U.K.,  Canada,  the  U.S.  and  Japan  with  both  single  pulse  (low 
average  power)  and  multi-Hertz  (high  average  power)  lasers. 

Another  major  recent  trend  in  laser-plasma  x-ray  studies  has  been  the  use  of  short 
wavelength  laser  pulses.  These  can  be  obtained  as  harmonics  of  the  fundamental 
1.05  pm  wavelength  from  Nd  solid-state  lasers,  or  as  laser  lines  near  0.25  pm  from 
excimer  gas  lasers.  Figure  2  shows  that  short  laser  wavelengths  are  preferentially 
absorbed  by  the  target  in  the  1 0 1 3  to  jqIS  u/cm?  range.  Scattering  (non 
absorption)  of  the  incident  laser  energy  is  wasteful,  just  as  is  the  transmission 
of  x-ray  energy  through  the  resist  which  was  discussed  above.  Recent  work  has  also 
shown  that  short  laser  wavelengths  also  favor  efficient  x-ray  production.  Figure 
3  gives  such  data  in  various  x-ray  energy  bands  for  X,  A / 2  and  X/4  pulses  from  a 
large  Nd  laser. 


LASER  IRRADIANCE  (Watts/cm2) 


Figure  2 

The  percent  laser  light  absorption  for  the  laser  wavelengths  indicated  (pm).  The 
b-.wds  include  data  taken  with  different  targets  at  different  laboratories  (3). 
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Figure  3 

The  fraction  of  incident  laser  energy  converted  to  x-ray  energy  in  the  indicated 
bands  for  gold  targets  irradiated  at  7x10^  W/cm2  (4). 

X-ray  characterization  measurements  will  continue  to  be  of  high  interest  for 
several  years,  expecially  for  excimer  and  high  average  power  laser  systems.  The 
motivation  comes  not  only  from  the  x-ray  lithography  potential,  but  also  because 
laser-plasmas  are  uniquely  bright  sources  of  soft  x-radiation  with  a  wide  range  of 
uses  (5). 
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LASER  ENGINEERING 


Laser  characteristics  required  for  x-ray  lithography  are  reasonably  clear  now: 
several  Joule,  few  nanosecond  pulses  watt  peak  power)  with  beam  divergence 
low  enough  to  produce  focal  spots  of  100  pm  or  less  with  average  laser  powers 
exceeding  about  100  W.  As  already  discussed,  the  pulse  energy,  duration  and 
focusability  are  needed  to  achieve  10*3  W/cm2  on  target  to  produce  plasma 
temperatures  adequate  for  10X  or  greater  conversion  efficiencies  from  laser  light 
to  useful  x-rays.  The  100  W  average  laser  power  then  translates  into  10  W  of  x- 
rays,  or  about  10  mj/cm2/sec  for  30  cm  p  1  asma-resisl  separation.  With  a  iesist 
requiring  100  mj/cm2  and  7  exposure  subfields  per  wafer,  throughputs  exceeding  40 
wafer  levels  per  hour  can  be  anticipated. 


Various  laser  systems  may  ultimately  find  use  for  lithography,  but  is  is  adequate 
now  to  concentrate  on  the  status  and  development  prospects  for  solid  Nd  and 
gaseous  excimer  systems.  In  general,  Nd  lasers  produce  high  quality,  low 
divergence  beams  which  can  be  focused  to  spots  on  target  less  thati  100  pm  in 
diameter.  That  is,  they  have  peak  powers  and  irradiances  adequate  for  x-iav 
production.  However,  Nd  systems  do  not  provide  high  enough  average  poweis  now. 
Present  commercial  systems  produce  multi-joule  nsec  single  pulses,  or  about  I  J  in 
25  nsec  pulses  at  10  Hz.  Lasers  are  now  being  designed  to  yield  several  |oule,  few 
nsec  pulses  at  rates  of  10  to  100  Hz.  They  use  multiple-bounce  slab  or  multi-pass 
rod  geometries  which  efficiently  extract  energy  from  the  pumped  lasing  medium. 
Athermal  glasses,  which  do  not  form  effective  lenses  when  they  become  hot.  are 
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also  receiving  attention.  The  challenge  for  Nd  systems  engineers  include"  not  only 
achieving  high  average  powers,  but  also  reliability.  Flash  lamps  life  'S  a  major 
consideration  since  10  Hz  is  equivalent  to  6x10^  shots/week. 

The  inverse  situation  prevails  for  excimer  laser  systems  now.  KrF  lasers  with 
100  W  average  power  (1  J  pulses  at  100  Hz)  are  commercially  available.  However 
they  generally  have  poor  beam  quality  and  relatively  low  irradiance  (clO12  W/crn2). 
Excimer  systems,  which  can  be  operated  near  10  Hz  with  a  low-divergence  pulses 
injected  and  amplified,  have  become  available.  Characterizat ion  of  x-ray  emission 
from  p 1 asmas  produced  by  in ject ion- 1 ocked  excimer  systems  is  expected.  Excimer 
lasers  are  attiactive  because  they  can  be  electrically  pumped  (no  flash  lamps)  and 
have  a  gaseous  gain  medium  (a  lessened  heating  problem).  However,  reliability 
remains  to  be  demonstrated. 

The  situation  for  design  of  laser  systems  is  summarized  with  respect  to  high  peak 
power  and  irradiance  (Figure  4)  and  regarding  high  average  power  iFigure  St. 
Multi-Hertz  nanosecond-pu 1 se  Nd  and  excimer  systems  generally  fall  below  the 
required  irradiance  region.  Large  Nd  systems  have  ample  irradiance  but  they  have 
low  average  power  and  are  far  too  expensive  for  commercial  lithography. 
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LASER  ENERGY  ON  TAMCT  (J) 


figure  S 

Average  laser  power  as  a  function  of  pulse  energy  and  repetition  rate. 
The  symbols  are  the  same  as  in  Figure  U  (SI. 


EXPOSURE  SYSTEM  ENGINEERING 


The  laser  is  the  most  formidable  design  challenge  for  a  laser-plasma  lithography 
system.  However,  engineering  of  the  system  which  will  contain  the  target  and  means 
to  protect  masks  from  target  debris  also  has  its  demands.  This  is  especially  true 
because  the  high  average  power  lasers  will  operate  neai  10  to  100  Hz  for  x-ray 
lithography,  requiring  the  availability  of  fresh  target  material. 


It  has  been  shown  that  about  one  hundred  0.H  J  can  be  placed  on  the  same  spot  of  a 
thick  target  before  the  crater  deepens  to  trap  the  x-ray  emission  (b).  Even  in 
this  case,  however,  a  mechanism  to  move  pi  ist  me  material  to  the  focus  must  be 
provided,  be  it  as  a  gas,  liquid  or  solid.  Gas  jets  irradiated  with  pulsed  laseis 
are  good  x-ray  sources  and  have  only  high  vapor  pressure,  easily  pumped  residue 
(7).  Liquid  targets  are  self  healing  but  produce  relatively  much  debris  (HI.  Solid 
targets,  if  thick,  also  yield  excessive  vapor  and  high  velocity  droplets  Ol.  Thin 
sheet  or  tape  targets  offer  reduced  extraneous  material,  and  much  of  it  is  blown 
out  the  bark  of  the  target  foil  by  the  plasma  pressure  t|0). 


The  amounts  of  vapor  arising  from  the  recombined  plasma,  whrrh  expands  normal  Iv  to 
the  target  surface  (11)  and  droplets,  which  ate  blown  out  it  appr  ox  im.it  e  1  v  V>"  to 
the  normal  <101,  depend  on  laser  and  target  charactar 1st ics.  both  types  of  debris 
produce  unacceptable  mask  damage  (absorptive  (’crating  or  punc  tores). 


Many  methods  are  available  to  prevent  debris,  even  the  low  amounts  produced  trv 
thin  targets,  Iron  reaching  the  mask.  They  include  the  use  ol  thin,  satrilical 
roil-to-roll  shields,  if  the  x-rav  energy  is  high  enough  for  t i ansmi ss I  on  > 1  ' ; 
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high  speed  shutters  uhich  allow  x-ray  but  not  debris  passage  (12);  and.  employment 
of  a  low  pressure  the  gas  in  the  target  area,  which  slows  down  the  vapor  and 
allows  it  to  be  pumped  (13).  The  He  also  serves  to  thermally  clamp  the  mask,  which 
absorbs  significant  x-ray  power,  to  the  wafer,  but  it  can  also  transmit  damaging 
shock  waves  (14). 


Repet l tat ive 1 y  pulsed  lasers  offer  two  advantages  beyond  high  average  power. 
Thermal  spikes  in  the  mask  due  to  x-ray  absorption  at  the  gold-membrane  interface 
are  lessened  compared  to  single-shot  exposures,  which  should  promotes  mask 
stability.  Also,  single-shot  exposure  control  is  problematic  due  to  variations  in 
the  laser  output  or  plasma  emission.  The  system  outlined  in  Figure  6  can  be  used, 
with  an  optical  or  mechanical  shutter,  to  give  exposure  constancy  to  a  few  precent 
or  better. 
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Figure  b 

Schematic  of  an  exposure  control  system  for  x-ray  lithography 
with  a  high  rate  (>  10  Hz»  laser  system. 


The  design  requirements  to  bring  light  onto  the  target  not  too  far  off  the  normal, 
to  permit  transit  of  x-rays  from  the  plasma  to  the  wafer,  to  stop  debris  and  to 
monitor  exposures  are  all  being  faced  as  practical  laser-plasma  aligners  are  being 
brought  to  market. 


SUMMARY 


Laser -heat ed  p 1  us mas  appear  to  be  a  viable  source  for  x-ray  lithography. 
Char actei izat ion  of  their  output  remains  a  major  activity,  even  though  much  is 
already  known.  The  output  of  plasmas  heated  bv  excimer  lasers  is  receiving 
significant  cm  rent  attention.  Meanwhile,  sn  ions  engmeei  ing  of  high  peak  and 
average  power  systems  for  lithography,  and  the  requiied  exposure  chambers  is 
occur  mg.  (Commercial  x-iav  lithogiaphv  systems  with  lusei-plusnu  souices  pay  be 
available  m  a  few  veuis. 
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LASER  PROCESSING  OF  HIGH-TECH  MATERIALS  AT  HIGH  IRRADIANCE 


The  major  applications  of  lasers  to  the  processing  of  high  technology  materials  are  briefly 
enumerated.  It  is  found  that  the  majority  of  these  applications  rely  upon  the  direct  thermal  effects  of 
irradiating  the  material  with  laser  light.  Se\eral  other  important  interactions  of  high  irradiancc  lasers 
with  materials  are  examined.  The  need  for  survey  and  evaluation  of  the  capabilities  of  lasers  to  gen¬ 
erate  shocks  for  materials  processing  is  underscored.  Emphasis  is  placed  on  applications  and  potential 
applications  of  secondary  processing,  in  which  the  particle  or  photon  emissions  of  a  laser-produced 
plasma  are  employed  in  the  materials  processing  steps.  The  demonstrated  feasibility  of  using  x-ray 
pulses  from  laser-produced  plasmas  for  x-ray  lithographic  fabrication  of  microelectronics  and  micro¬ 
structures  is  briefly  rev  iewed.  The  possible  application  of  laser  evaporative  deposition  to  the  fabrica¬ 
tion  of  novel  materials,  such  as  multilayers,  superlattices,  quantum  devices  and  microstructures,  is 


proposed. 


INTRODUCTION 


The  majority  of  commercial  applications  of  lasers  for  materials  processing  involve  directly 
foeusing  the  laser  light  onto  the  material,  thereby  locally  raising  the  temperature  of  the  material  to 
promote  the  desired  process.  The  disposition  of  absorbed  energy  in  high  irradiancc  laser-matter 
interactions,  schematically  indicated  in  Figure  I.  includes  melting,  vaporization,  light  emission,  and. 
at  sufficiently  high  irradiances.  plasma  formation,  the  initiation  of  thermal  and  shock  waves  going  into 
the  target,  and  the  emission  of  x-ray  and  UV  photons  as  well  as  charged  particles  (electrons  and  ions) 
directed  away  from  and  into  the  material.  Most  of  these  major  components  of  the  interaction  are 
either  being  used  or  are  contemplated  for  use  in  materials  processing  applications,  generally  at  low 
irradiances.  Process  control  with  lasers,  at  8T  of  the  laser  marketplace  in  1483.  commands  almost 
twice  the  market  share  of  all  materials  processing  with  lasers.1 
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In  the  first  section,  this  paper  will  enumerate  many  applications  of  lasers  to  the  processing  ot 
high-technology  materials.  Thereafter,  three  sections  will  emphasize  laser-driven  shocks,  wav 
lithography  with  x-ray  emitting  laser-produced  plasmas,  and  the  laser  irradiated  solid  target  as  an 
evaporative  coating  source. 

MATERIALS  PROC  ESSING 

As  it  stands  today,  the  area  of  materials  processing  with  lasers  has  received  a  strong  impetus 
from  the  success  of  laser  shaping,  joining,  and  modification  of  metals.-  ' 4  Shaping  includes  drilling, 
cutting,  bending,  laser  assisted  machining  (turning  and  milling)  and  direct  laser  machining.  Joining 
includes  bonding,  welding  of  various  types  (spot.  seam.  butn.  brazing  and  soldering. 

Surlace  modification  treatments  ot  metals  encompass  transformation  hardening,  surtace  allovmg. 
injecting  a  refractory  material  into  a  surface  melt  layer,  post  processing  of  electroplated  layers,  post 
processing  of  plasma  sprayed  layers,  and  marking.  Laser  heat  treatment  for  surtace  hardening  has 
progressed  beyond  the  original  goal  of  wear  reduction  and  has  achieved  increases  m  strength  and 
fatigue  life,  improved  lubrication,  tempering,  creation  of  surface  carbide,  etc  file  importance  ot 
materials  modification  by  "advanced,  precisely  controlled  processing  techniques  which  beneliciallv 
change  the  alloy  structure  during  either  consolidation  or  joining.”  has  been  emphasized  as  a  remain¬ 
ing  route  which  may  lead  to  structural  las  distinguished  from  surlace)  properties  which  arc  increas¬ 
ingly  difficult  to  obtain  by  alloy  development  alone.'  Laser  processing  is  plavmg  a  role  in  the 
development  ot  this  new  technology,  e  g.,  with  techniques  to  build  up  structures  from  laser-processed 
layers.  A  graph  of  power  density  regimes  for  metal  processing  with  CO,  lasers  is  available  in  the 
literature/’ 

Another  class  of  economically  important  materials,  semiconductors,  has  also  been  mtenselv 
investigated  to  determine  the  suitability  of  laser  processing.  Silicon  has  received  the  greatest 
attention,  but  many  other  materials,  including  (ia.As.  (AI.(ia)As.  InSb.  Cdl'e.  HgTc.  InP.  (icSc.  Cu- 
In-Se.  (TtlnScs.  and  C'dS.  have  not  been  neglected.  s  '*  111  1 1  In  the  large,  these  investigations  and 
applications  are  related  to  the  microelectronics  industry,  with  move  forward  looking  aspirations  tor 
integrated  optic  devices. 

Laser  annealing  of  semiconductors,  perhaps  the  most  actively  pursued  process  lor  these  materi¬ 
als.  now  encompasses  more  than  its  initial  scope,  the  heating  and  recry stallization  ol  ion 
implantation-damaged  Si  wafers.  Annealing  seats  the  implanted  dopant  at  lattice  sites  and  also  heals 
macroscopic  defects  caused  by  ion  bombardment.  Removal  ol  defects  and  precipitates  arising  from 
high  temperature  processing,  epitaxial  regrowth  of  evaporated  Si  on  crystalline  Si.  cry  stallization  ol 
poly  silicon,  and  the  formation  of  metal  sil icicle  conducting  paths,  a  form  ol  laser  induced  chemical 
change,  are  also  included  under  the  banner  of  laser  annealing.  In  addition,  the  melting  and  regrowth 
process  can  be  user!  to  incorporate  dopants  a  ml  to  tailor  the  profile  of  dopants  in  the  regrovvn  material 
in  a  manner  different  than  is  attainable  by  ion  implantation.  A  related  thermal  process,  the  selective 
absorption  ol  the  ‘>.25  micron  line  of  CO,  bv  Si(),.  allows  the  topographic  smoothing  ot  silicon  oxide 
features  on  a  wafer. 

Another  technique  addressed  to  semiconductor  processing  is  laser  chemical  vapor  deposition 
( LCVI)).  In  LCVI).  laser  light  promotes  the  deposition  ol  reactants  Irom  a  vapor  phase  onto  a  sub 
strate.  Since  its  inception  about  hall  a  decade  ago.  LCVI)  has  progressed  to  having  demonstrated  cpi 
(axial  growth  ol  deposited  lilms.  LCVI)  has  also  accomplished  writing  a  pattern  ol  desired  compose 
lion  onto  the  substrate  lor  local  doping,  lor  conduction  paths,  or  tor  mask  definition  and  rcpaii 
Materials  deposited  include  metals,  insulators,  semiconductors  (both  elemental  and  compound i.  and 
polymers.  Although  the  willing  rate  is  up  to  lO.OOOx  greater  than  in  planar  vapor  icucdons  ia 
geometric  cllect  which  vanes  with  feature  size),  the  disadvantage  ol  serial  operation  icmains  |  he 
chemical  reactions  may  be  induced  thermally  ( py  rolytically  I  or  by  direct  Oicninal  icaclion  liom  pho 
ton  absorption  m  the  gas  (photoly tically  ):  the  latter  oilers  wavelength  sclectivitv  among  reactions  and 
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can  operate  satisfactorily  at  lower  temperatures,  yielding  less  stress  on  the  substrate.1"  Other  examples 
of  reactions  locally  induced  by  lasers  have  been  demonstrated,  e.g..  electroplating  and  chemical  etch¬ 
ing. 

Additional  types  of  materials  tor  which  laser  processing  is  being  researched  include  chemicals 
(IR  photochemistry .  photodissociation,  photoisomeri/ation,  catalysis,  photopoly meri/ation.  and  vibra- 
tionally  enhanced  reactions),  biological  materials,  isotopes  (laser  isotope  separation  lor  nuclear  fission 
fuel),  and  hydrogen  isotopes  (inducing  thermonuclear  fusion  reactions). 

SHOCKS 

As  an  introduction  to  shock  processing  of  materials,  (he  following  sections  will  successively  con¬ 
sider  some  of  the  effects  which  shocks  produce  in  materials,  methods  of  producing  or  driving  shocks 
in  solids,  and  comments  on  applications  using  those  effects.  The  motivation  for  this  overview1'  |f’  is 
to  examine  the  field  of  shock  generation  and  to  review  and  assess  the  suitability  of  lasers  as  a  driver 
for  shocks,  both  for  research  and  for  commercial  applications. 

Shock  waves  in  materials  are  compressive,  lake  acoustic  waves,  which  travel  at  the  sound 
speed,  shock  waves  are  a  manifestation  of  atomic  movements.  Since  the  material  in  and  behind  the 
shock  front  is  compressed  to  a  higher  pressure,  and  because  sound  speed  increases  with  pressure,  the 
shock  travels  at  a  greater  speed  than  the  sound  speed  in  the  uncompressed  material.  However,  the 
shock  travels  at  a  speed  below  the  sound  speed  in  the  compressed  material  behind  the  front  (lor  stable 
shocks  in  nonreactive  media).  The  shock  speed  increases  with  the  compression,  i.e..  with  the  ampli¬ 
tude  of  the  shock.  Thus,  the  highest  amplitude  portion  of  a  high  amplitude  compression  wave  over¬ 
takes  the  lower  amplitude  components,  resulting  in  a  shock  front  at  which  uncompressed  material  is 
immediately  adjacent  to  the  region  of  highest  compression  the  pressure,  density,  temperature,  and 
some  physical  properties  of  the  material  change  across  this  sharp  front  in  a  nearly  discontinuous 
fashion.  In  part,  these  changes  result  from  the  violence  of  the  atomic  motions  associated  with  shock 
waves,  which  can  be  sufficiently  strong  to  melt  or  even  ioni/e  ihe  material.  Compressions  as  small  as 
a  few  percent  and  up  to  a  factor  of  2  ate  nol  uncommon,  with  values  as  high  as  6  having  been 
reported  The  distance  over  which  the  discontinuity  takes  place  can  be  a  few  microns  lor  dense,  ion¬ 
ized  material;  experiments  in  condensed  matter  at  room  temperature  anticipate  probing  shock  fronts 
with  micron  resolution,  and  profiles  with  submicron  dimensions  are  not  unheard  of.  Dissipative 
losses,  such  as  compression  heating,  decrease  the  amplitude  of  file  shock  as  it  traverses  the  material. 
Ihe  removal  ot  the  driving  force  initiates  a  decompression  (rarefaction)  wave  which  can  quickly  over¬ 
take  the  shock,  thus  limiting  the  duration  of  the  highly  compressed  condition  of  the  material.  As  a 
rule  of  thumb,  an  unconfined  laser  generated  shock  in  a  homogeneous  solid  decays  only  after  about 
twice  the  laser  pulse  duration.1  Many  ot  these  calculated  profiles  of  a  shock  wave  as  it  developsls  as 
shown  in  figure  2.  together  with  a  photograph  of  a  shock  wave  at  late  time  m  a  plastic  target.  g  The 
unit  of  pressure  adopted  m  this  article  and  in  much  of  the  literature  is  the  Pascal  (Pa).  1  Pa  -  I 
Newtons  sq  meter  (1  psi  bSl)4.K  Pa.  I  standard  atmosphere  101.225  Pa.  and  1  bar  0.1 
MPa.) 

Iwo  areas  of  research  which  benefit  from  shock  investigations  m  condensed  matter  are  astrophy¬ 
sics  and  geology  flic  understanding  ol  stellar  interiors  is  also  dependent  upon  the  study  of  matter  at 
high  densities,  pressures,  and  temperatures  It  has  been  proposed  that  thermonuclear  fusion  reactions, 
such  as  take  place  m  stars,  might  be  induced  m  the  laboratory  hv  a  high  velocitv  impact  (impact 
fusion',  a  technique  which  has  long  been  used  to  generate  shocks;  a  somewhat  related  approach  to 
fusion  involves  the  convergent  implosion  of  spherical  oi  cvluuliical  shells,  which  also  must  take  nan 
sient  shock  pressures  into  consideration  I  lie  impact  ol  micronietcoroids  on  spacecraft  is  a  further 
problem  which  can  be  addressed  by  shock  experiments  Ihe  behavior  of  hydiogen  at  high  pressures 
may  be  important  to  the  studv  ol  the  planets  Jiipilei  Saturn,  and  l  'rami',  which  aic  constituted  pri 
marilv  of  that  element  (icologic  inteiesi  in  the  stale  ol  nutlet  in  the  core  ol  the  caith.  where  static 
pressures  are  At  M )  4<  M  >  (iPa  and  the  lemperadire  is  about  siHM)  deg  tees  Kelvin,  has  been  directed  to 
lahoratorv  shock  experiments  which  moment. u  ilv  ac  hieve  tempeiaiuies  and  piessures  in  that  i.mgc 
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fig  2  Development  ot  laser driven  shock  m  plastic  i.o  c ale ulaied.  2d 
nsec  laser,  confined  target.1'  ihi  experimental.  5  ttscc.  uncontmed 


The  overall  breadth  ol  scientific  interest  m  shock  processes  in  condensed  mattci  is 
vexed  in  the  light  ol  the  mam  elteets  which  shock  waves  produce 


perhaps  Iv'i  sui 


SHOCK  KKKKC  I  S 


Idle  passage  ol  a  shock  wave  results  in  compression  heating,  one  ol  the  most  important  cllccts 
ol  the  shock.  W  hile  high  static  pressures  can  he  applied  in  the  presence  ol  a  heal  sink,  il  nccessarv . 
the  transient  nature  ol  shocks  docs  not  allow  heat  dissipation  sufficient  lime  to  ptevent  I  lie  uttummcni 
ol  elevated  temperatures.  The  arrival  of  the  rarefaction  wave,  on  the  other  hand,  is  associated  with 
expansion  cooling,  but  residual  thermal  energv  remains  in  the  material  I  he  net  result  ol  the  atomic 
motions  associated  with  the  shock  wave  and  the  thermal  historv  can  include  chemical  bieakdown. 
chemical  sxnthesis.  defect  formation,  phase  changes,  twinning,  precipitation,  rccrvstalli/ation.  inch 
mg.  lom/ation.  and  plasma  production. 

Shocks  also  can  produce  mass  motions  on  a  larger,  micron  scale,  for  shock  waves  which 
travetse  an  interlace,  particularlv  at  an  angle,  these  motions  can  include  hvdrodv  namic  instabilities  ol 
limdi/ed  materials:  after  shock  treatment,  the  interlace  ol  two  solid  materials  can  resemble  breakers 
at  an  ocean  shore  Such  effects  allow  the  bonding  or  cladding  ol  metals  essent  la  1 1  v  without  diffusion 
across  i he-  iniertaee.  which  constitutes  the  most  important  commercial  process  lor  metal  working  with 
explosives  In  crvsiullme  materials,  shocks  can  produce  comminution,  the  reduction  ot  ciWal  sirue 
lure  into  civ  stellites  ol  powder  dimensions  I  lie  shock  mav  a  I  s*  >  rotate  the  ervstallitcs  about,  into  a 
disti  ibulion  ol  onenlations 

I  he  release  ol  electrons,  production  of  delects,  and  the  leduelion  ol  particle  si/c  in  shocked 
materials  can  sttonglv  influence  the  chemisirv'1  ol  tlu-  shocked  state,  and  has  been  a  liun  ol 
research  Slioc  k  induced  delects  aie  cited  as  haviue  siemlkant  cllccts  on  compiession.il.  mechanical, 
electrical,  optical.  I  lie  i  modv  namic  .  chemical,  and  structural  processes  m  shock  loaded  solids 

A  further  example  ot  morphological  change  induced  In  a  shock  is  the  icmoval  ol  malerial  at  a 
free  suilacc  in  the  pat  h  ol  a  shock  I  he  relleetion  of  the  shock  Irom  I  In  suil.ice  induces  j  ictisile 
stress  which  call  be  sufficient  to  exceed  the  material's  siienglh  lliis  dv  namic  Itaeiuie  ol  maietial  is 
called  spallation  Although  spallation  is  most  easilv  diagnosed  m  macroscopic  sample's,  the'  processes 
must  also  take  place  oil  the  microscopic  level,  e  c  .  in  powdcis 

Shocks  not  onlv  can  produce'  powdcis  and  rip  a  material  apait.  tliev  have'  been  used  m  ilk'  com 
paction  and  sintering  of  povv.l  is  I’reeisron  pails  ol  dissimilar  materials  .uch  as  aluminum  and  sick'l 
call  be  labrieated  tiom  admixtuic-s  In  this  means  Admixture'  ol  powdcis  mav  also  be  induced  to 
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chemically  react  by  the  passage  of  a  shock  front.  The  production  of  delects  in  shocked  materials  is 
related  to  catalytic  activity,  accordingly,  delect  production  in  and  the  catalytic  behavior  ot  shocked 
powders,  which  have  large  surface  areas,  is  a  matter  of  investigation  In  general,  the  powder  sizes 
which  have  been  used  are  larger  than  the  thickness  of  the  shock  front 

Phase  changes  in  condensed  matter  have  been  induced  by  shock  waves,  e  g.,  the  conversion  ot 
graphite  to  diamonds,  martensitic  transformations  in  stainless  steel,  and  phase  transformations  m 
ceramic  powders.  Of  particular  interest  is  the  design  of  a  shock  treatment  which  permits  recovery  of 
the  sample.  I'he  largest  number  of  metallurgical  recovery  experiments  have  been  concerned  with  tec 
metals.  Hardening  in  metals  is  related  to  defect  production,  phase  transformation,  and  morphology 
All  id  these  have  been  studied  in  shock  treated  metals.  Several  review  articles  on  the  metallurgical 
effects  of  shock  waves  are  cited  in  references.  " 

Polymerization  by  shock  waves  has  also  been  studied  for  various  organic  substances  The 
existence  ot  a  pressure  threshold  has  been  demonstrated  in  acrylamide.  5  (iPa  being  insufficient:  mul¬ 
tiple  shocks  have  been  shown  to  be  effective  in  enhancing  polv mcri/ation. 

Magnetic  effects  might  be  suspected  to  be  influenced  by  shock  passage,  and  indeed  a  few  obser¬ 
vations  have  been  made  in  this  area.  Piezoelectric  effects  o!  shocks  have  been  seen  in  the  0.01  -O.d 
CiPa  range,  and  pic/oresistive  cltccts  in  the  1-14  MPa  range  Rctiaclivc  index  changes  have  been 
charted  in  the  5-50  CiPa  range 

The  compression  of  atoms  into  close  proximity  to  one  another  is  necessarily  influenced  by  the 
interatomic  potentials,  and  studies  have  been  addressed  to  this  topic.  The  potentials  gamed  from 
shocks,  in  which  the  material  likely  is  at  elevated  temperatures,  has  a  greatly  disturbed  lattice  and 
may  even  be  iom/cd.  may  not  he  directly  applicable  to  the  modelling  ot  materials  at  room  tempera 
lure  and  below 

Pressure  ranges  over  which  many  of  these  clfccts  have  been  experimentally  investigated  arc 
displayed  in  f  igure  .V  Chemical  experiments  have  also  been  conducted  at  much  lower  ranges,  e  g  . 
0.5-2.  MPa  Many  ol  the  clfccts  arc  limited  by  the  onset  of  melting  at  verv  high  pressures,  and  thus 
cannot  be  investigated  by  the  highest  shock  pressures  available  for  example,  defect  structures  can  be 
annealed  out  by  a  shock  or  thermally  induced  melting  At  vet  higher  pressures,  the  theitna!  radiation 
emitted  by  a  free  surface  of  the  material  signals  the  arrival  of  the  shoe  k  Irotit 

SHOCK  DKIYKKS 

I  he  methods  and  machines  lor  driving  shocks  m  solid  matetials  mav  be  computed  nn  the  basis 
ot  the  peak  shock  pressures  which  have  been  produced  and  measured  tot  mtcricd  hv  suitable  means i 
tor  each  ot  the  varioi  drivers  Reported  pressure  ranges  ol  experimentally  measuted  shocks  aie 
shown  in  f  igure  4  lor  several  types  ol  shock  drivers  operating  in  planar  ol  nearlv  planar  geometrv 
The  maximum  pressure  attainable  with  a  given  drivei  will  be  dependent  upon  the  material  in  which 
the  shock  is  propagated,  so  that  main  materials  will  not  be  able  to  access  the  highest  peak  piessure  o| 
which  the  driver  is  capable,  furthermore,  shocks  dissipate  ciierev  as  thev  piopagate.  with  an  alien 
vlant  drop  in  pressure  (see  figure  2.  above  i  I  cchiuqucs  lor  ceneratine  soniercine  shocks,  e  e 
shaped  explosive  charges,  implosion  ol  spherical  ot  cyluidiical  shells,  etc  aie  not  iik  luded  in  the  tig 
ure  The  highest  static  pressure  attained  in  the  laborutoiy.  0  2s  I  I’a  i2  s  Mbati.  was  m  a  diamond 
anvil  cell,  -a  device  which  presses  a  sample  between  two  gem  qualm  diamonds  having  t.uets  a  Ir.w 
tion  ot  a  mill miete i  in  diameter.  Inglici  pressmes  than  this  mav  lv  achieved  m  tutuie  lahoiatorv 
experiments 

I  tie  ilrivers  portrayed  together  in  any  one  catcgorv  in  f  iguie  4  are  not  nciessurili  identical 
for  example,  the  data  tor  clicmicallv  explosive  drivels  encompass  the  rel.it l v e I v  simple  sandwich 
structure  ignited  by  an  explosive  lens,  as  well  as  the  vlienucallv  explosive  llvci  plate  dtivci.  ol  wlticli 
several  variants  exist  Overall  planarity  is  not  always  achieved  the  sample  is  geneiallv  held  in  a  i.i\ 
it y  in  a  metal  plate,  and  radially  propagating  shock  and  iclcasc  waves  do  get  set  ii|'  at  the  boimdaiies 


lOOMbdr 


SKI  MK  S’!| 


'  v'  s'  v’  ■ 

v.  J-.f. 


31V3d  H3  A  3  3 

aasvi 

i33aia 

H3SV3 

MHO  StfO 

3103 

9Nia03dX3 

3AIS03dX3 

3VDIIAJ3H3 


9NI-L33I/M 


NOIlV33VdS 


NOliOVdlAlOO  d  30M0d 


9NIN3QdVH 


)i\iiNNIAA1 


S39NVH9  3S VHd 


S1D3330 


NOliVZIHVIOd 


NOISSIWBOiOHd 


AHiSIW3HD 


.s'. 


■-  ,V,S  .%  .>  ■>  ,M.-«  ^ 


lire  ramies  o 


of  the  sample  cavity  Also,  pressure  is  increased  In  multiple  shocks  passing  both  radiallx  and  axiallv 
through  the  sample  The  pressures  attained  depend  prtmarilx  upon  the  txpe  ol  explosive  used,  on  the 
details  of  the  geometrx  ol  the  ilex  ice.  and  on  the  materials  emploveil 

C  hemicals  are  not  the  onlx  wax  to  initiate  an  explosion  \  thin  material  van  he  made  to  explode 
in  response  to  the  sudden  deposition  id  heal  m  it  hx  a  large  pulse  ol  electric  itx  In  one  such  dexice. 
an  aluminum  toil  is  exploded  to  form  a  plasma,  which  expands  and  acceleiates  a  tantalum  tlvci  plate 
(It  i s  also  possible  to  generate  shocks  without  a  fixer  plate  hx  this  method,  that  is.  the  !a  unpactoi 
also  has  shocks  generated  xxithm  it  )  Impact  xelocities  ot  v()  km  sec  have  been  achicxed  with  this 
"electric  gun."1'  On  the  low  end  ot  the  pressure  range,  an  exploding  toil  apparatus  lias  been  con 
structed  according  to  theoretical  predictions  ot  pressures  ol  but  a  lew  hundred  \1l\i.  to  be  applied  in 
experimental  studies  of  dislocations  m  crystals. 

Another  instrument  tor  generating  shocks  is  the  gas  gun  \  gas  gun  expels  a  proicctile  troui  a 
barrel  bx  the  force  ol  expanding  propellant  gases  I  he  expansion  ot  compressed  gases  \  iclds  more 
reproducible  results  than  gases  produced  hx  ignited  poxxders  Since  the  xelocitx  ot  the  proicctile  is 
limited  bx  the  sound  speed  ol  the  compressed  gas.  the  highest  pioiedile  speeds  ate  obtained  with 
gases  of  low  molecular  weight.  \  light  gas  gun  proicctile  includes  the  tlvci  plate  and  a  catricr  cal  led 
a  sabot  The  tlxer  plate  is  accelcrateil  bx  a  comparatixclx  low  pressuie  (a  traction  ol  a  (il’ai  oxci  a 
relatixelx  long  time  (texx  msec),  which  docs  not  disturb  the  initial  thennovlx  namw  state  ol  the  llvct 
plate  a  significant  advantage  lor  this  technique  ot  driving  shocks,  the  temperature  rise  ol  the  pro|cx 
tile  during  acceleration  and  prior  to  impact  is  onlx  about  I  degree  Kelvin  Single  stage  light  gas  guns 
can  xield  about  I  s  km  sec  with  kilogram  pro|cctiles  It)  vin  in  diamctei  In  a  two  stage  light  gas  gun. 
the  propellant  gas  is  compressed  and  heated  bx  a  piston  driven  Irom  a  powdet  discharge,  the  proiec 
tile  then  can  achieve  higher  velocities,  eg.  up  to  about  X  km  sev 

Hie  rail  gun.  or  electromagnetic  launcher,  is  a  device  in  which  the  ptoicctilc  essentiallx  becomes 
the  moving  part  of  an  electric  motor.  Velocities  ol  It)  km  sec  have  been  achieved,  coi responding  to 
shock  pressures  ot  about  I  I  l'a.  A  combined  gas  gun  rail  gun  lias  been  leportcd  in  the  construction 
phase,  with  an  anticipated  xelocitx  lor  a  I  gram  proicctile  ol  at  least  Is  km  sec 

A  comparison  ol  various  liver  plate  drivers  is  given  m  fable  I  It  is  icadilv  appatent  that  01 
ders  ot  magnitude  can  separate  the  various  duvets,  depending  ol  the  parametet  ol  inteiest  I  he  needs 
ol  a  pilot  research  project  might  be  quite  dillcrent  than  those  ot  a  pioduvtion  line  application  I  oi 
instance,  a  gas  gun  max  be  verx  useful  lot  stuck  mg  the  expiation  ol  state  ol  a  metal,  and  vet  be  lolallx 
irrelevant  to  the  surface  hardening  of  a  manufactured  item  In  shock  treatment 
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APPLICATIONS  OK  I  ASI  K-OIM  K  \  1 1  I)  SHOCKS 


The  pressure  protile  produced  In  ,i  l.tsei  pulse  iiieident  upon  a  iu.iieii.il  is  pimiaiih  dependent 
upon  (he  irr.ulianee  (power  per  unit  .ue.ii  nhsoilvd  In  the  ui.iteii.il.  Inn  is  also  ,i  tuiktion  ot  othet 
parameters.  sueh  as  the  laser  wavelength  and  the  ilel.uls  ot  the  lasei  pulse  s  teinpoial  profile  I  he 
P'eehanistn  In  wlneh  lasei  pulses  eeneiale  shocks  in  eondensed  inaletials  is  the  uMution  i  \  apoi  l/ation 
a  till  return  al)  ot  material  Iroin  the  absoihiiie  siirtaee  the  nioiiientuin  earned  oil  In  the  evaporated  01 
lotli/eil  siirtaee  atoms  is  hal.meeil  In  momentum  imparted  to  the  hulk  m.ilenal  I  his  momentum 
transfer  produces  the  eompression  wa\e  Rcptesentaliv e  values  of  lesultme  piessuies  ate  etven  in  I  ie 
ure  5  lot  Nil  doped  pulsed  elass  lasers  I  he  data  helow  III  (IPa  nett. tin  to  alnoihets  coveted  In 
transparent  material.  a  tcehmqtic  tappln  able  onl\  to  tn.ultatti.es  lot  wlneh  the  tiunspaient  stitlaee  Joes 
not  lom/e  apprei  iaM\  i  wlm.lt  coniines  the  vapot  lengthens  atul  mereases  the  ptesstire  pulse.  e  e  . 
fiom  b(>  \1l’a  lot  a  Itee  stitlaee  in  v.nuum  to  ’’IK)  Ml’a  loi  a  confined  fat  eel  neat  I  (iW  un 


I  le  's  I’lesstites  lioni  N«l  lasem  at  I  tWi  mu  ion  Solul  Jots  .uul 
open  Hialieles  ’  ale  III  vacuum  pomls  In-low  |H  (  i \\  i  III  ale  lot  o\ei 
lav. ted  lai-.’els  I  lelunlii  an  ol  iii.nhame  calc  lot  the  dltteienf  data 
set  - 


I  as,  i  ii  i  .iih.il  ion  has  Iven  emphned  hoift  lm  the  lemocal  ol  and  |  ii  >dtu  t  ion  ol  delects  in  'ill 
.on  Rein,  n  a  I  o|  .l.le.ls  |.  accomplished  In  lasei  ntmenlmc  dullin'  wlil.ll  a  melt  lavet  l'  toimed 
1 1  he  i  malic  not  In  sh. ..  I  Ik  at  me  i  at  the  sui  t.u  e  ul  the  siluoii  In  the  al'sm  pi  ton  ol  lasei  eik'i  ec  l  lie 
siien.'lh  "I  lasei  aiineahn:-  i-  that  m.uii's.npu  detects  sin  h  as  dish  u  at  ions ,  sia.kine  faults.  and  pie 
,  i  pita  1 1  '  an  ah'.nl  m  the  lei  l  c  s  t  a  1 1 1  /  e  d  la  \  ei  .  hut  the  piik  ess  also  mil  ml  in  es  dele.  Is  (  ec  nielli  I  \  point 
deh'.l'i  ahull  it  mam  and  ait  a  dis.idc  anla-.-e  loi  some  ele.tion  dev  lee  'liiiituies  \l  these  it  l  .nit 
nines.  I  >t  h  iw  .  1 1  ’•  nit  h  It  t  MW  .  iti  deli  .  l  piodik  lion  ilk'.  It  a  n  i  s  [  u  s  othet  than  slunk  e.  it.  a  at  n  m  ate  in 
.lew  I  ill.  ill  I.  ul.  i  i  mt  i  oh  1 1, |  ton  ot  -l.lt.  Is  at  hie  he  I  1 1 1  at  I  talk  os  has  been  pm  sued  as  a  eel  t  e  l  me  tec  It 
nit|i(i  iisin i.ptlilictlc  pulsed  \d  l.ui  i.  wliuh  .an  lm  us  to  about  1 1 H I  <  iW  .m  \  pulsed  ias.  t 
Ik  a  t  u  i-  unpil.ei  ii  due,  tl.  mil.'  llie  hack  uil.ne  ol  the  seuik  oiuhk  lot  .  Iipic.tlh  in  alt.  to  tte.ite 
di  bit-  I  Ik'  i  ma  I  mm.  , ,  i  ne  allow-  nn  w  anted  impul  it  n’s  to  line  I  ate  to  the  tie  It  a  t'  w  Itei  e  til.  \  Ivtoait 
1 1  ap|k  1 1  tin  ia  .  i  .  la.  Ilia:  vd  b.n  k  lac  i  w  it  1 1  1  lie  I  m  pm  1 1  ifs .  mac  t  lien  he  c  I  kill  u  a  1 1  v  l  elm  n  etl  \dv  an 
I, tee  -  "I  la  t  ii  i  adi.  it  u  ui  atei  tin  .  ham,  a  nn  alls  toi  eetlei  me  site  pi  milk  I  ion  have  been  .unmet  nted 
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Delects  in  crwak  aflect  nut  onlv  then  electrical  properties.  hut  also  then  x-rav  dillraetion 
properties,  f-or  this  reason.  \  rav  dillraetion  is  used  to  eharaeteri/e  shoeked  matenals.  It  has  been 
shown  that  t he  mtensitv  ot  x  rav  dillraetion  trom  an  \  rav  ana!i/mg  ervstal  is  dependent  upon  the 
decree  ol  perfection  ot  the  lattice  In  some  eases,  higher  dillraetion  eltieieneies  ean  he  obtained  bv 
rendering  the  lattiee  "idcallv  imperfect.  "  i.e..  composed  ol  small,  disoriented  erv stallites.  In  lithium 
lluoride.  an  important  x-rav  analv/mg  er\stal.  the  requisite  disordering  ean  he  introduced  hv  abrading 
and  etching  the  surface  ol  the  crvstal:  however,  tor  the  more  penetrating  x-rav s.  which  reach  deeper 
than  the  50  microns  or  so  of  disorder,  the  dillraeted  mleiisitv  reverts  to  the  lower  value  tv  picul  ol  the 
perfect  lattice.  Mechanicailv  Hexing  the  crvstal  introduces  sufficient  disorder  to  \  ie Id  the  desired 
dependence  ol  intensitv  with  x-rav  wavelength,  hut  unlortunatelv  at  a  reduced  absolute  value  The 
demonstralevl  abilitv  of  laser  irradiation  to  harden  metals  (hv  introducing  detects i  to  depths  main 
times  greater  than  50  microns  invites  the  shock  processing  ol  lab  \  rav  analv/er  crvstals.  Surface 
melting  from  direct  irradiation  max  not  he  disadvantageous  to  the  performance  ol  analv/mg  crvstals. 
and  mav  possible  be  reduced  vv  ith  a  liver  plate  technique 

The  laser-accelerated  liver  plate  technique  has  alreadv  been  emploval  to  shock  harden  aluminum 
allovs.  with  peak  pressures  m  the  5-15  Cil’a  range.  Shock  waves  produced  hv  direct  laser  illumination 
has  also  induced  surface  hardening,  and  increased  tensile  and  fatigue  strengths:  a  single  laser  shot 
can  province  a  hardness  the  same  as  that  of  a  heavilv  hammered  surlace  in  some  materials.  In  certain 
materials,  hardness  increases  with  the  number  ol  shocks  Sheet  samples  ot  an  aluminum  allov  have 
been  irradiated  from  two  sides,  and  hardened  throughout  their  1.55  mm  thickness,  due  to  a  shock- 
induced  increase  in  dislocation  densitv . 

One  might  suppose  that  a  longer  pressure  pulse,  at  constant  pressure,  would  give  the  same 
hardening,  ami  deeper.  I-Aperiments  with  exploiting  toil  liver  plates  at  constant  pressure  and  v.uvmg 
shock  pulse  duration  in  C’u-X.7'<  (ie  reveal  a  more  complicated  result,  showing  a  maximum  m  hard 
ness.-'  This  maximum  is  explained  on  the  basis  of  the  rates  ot  twinning  and  dislocation  production 
during  the  shock  Similar  pulse  length  dependence  lot  laser  generated  shocks  would  be  expected  in 
this  material. 

A  list  ol  possible  industrial  applications,  once  proposed  i vv  1 1 h  suggested  piocessmg  schedule'! 
lor  other  shock  drivers-'1  and  largelv  applicable  loi  the  laser  drivel  as  well,  includes  mol  steels, 
'halts,  armor,  punches,  cutting  look,  gun  barrels,  etc  I’resentlv  active  industrial  applications  ot 
shock  processing  bv  explosives.'"  some  ol  which  are  olniouslv  not  lelcv.mi  to  the  Inset  dnvei. 
include  rock  blasting  (although  direct  cutting  ol  rock  with  lasers  has  been  investigated),  metal  bond 
mg.  modification  ol  ceramic  powders,  and  diamond  svnthesis 

Ihe  svnthesis  ol  stable  and  metastable  phases  ol  solid  maieiiak  hv  shock  tieutment  has  been 
demonstrated,  and  attempts  have  been  made  to  shock  svnthesi/e  supcicomluctois  Supoicomluctois 
have  no  resistance,  and  llierelore  do  not  introduce  le'i'live  powci  losses  ,nio  the  tiaiisiiii"ioii  ol 
electrical  energv  through  them  file  mam  dillicultv  is  that  lliev  must  be  opeiated  below  ,i  ciitic.d 
temperature  which  is.  in  all  superconductors  thus  I  a  r  lubricated,  mo  low  loi  economical  use  in  pow  ei 
transmission  \1  anv  siipeicondiic  ting  mateiiak  exist  in  a  meta-table  phase'  111.  abiiitv  ol  lascis 
induce  phase  changes  bv  shock  piocessmg  in  a  non  contact  lushion  with  uood  c  •  <nl  i  c  >1 .  and  even  to 
shock  wires  ill  cvlmdrieal  geomelrv  in  a  puked  repelilive  ta-lnon.  make  ilns  tcihnologv  vv . >i th  mvesti 
gating  more  lullv 

I  he  lug  he  i  tn.idi.mc es  ale  impoi  taut  in  ev  .dual  mg  the  equal  mu  ol  stale  ol  mutei  i.ik  at  hi  eh  pies 
sines,  lor  which  a  imih’im  planar  shock  is  best  suited  to  tlu-  icquiicd  pu'ci-ion  \n  advance  ill  la-ei 
irradiation  imilormitv  .  and  hence  shoc  k  tuulomuiv  .  has  icicnllv  been  uchic-vc'd  with  Induced  Spatial 
Incoherence,  a  technique  loi  spatiallv  and  tempotallv  homogem/mg  Impel  scale'  beam  stiiictmes 
this  technique  lllav  be  Iraiislei  latile  lo  othei  expeiimenis  and  pioccsse-  icquiime  a  unilami  tocu-ed. 
but  esscntiallv  plan. ii .  nradiation  pattein 
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X-RAY  LITHOGRAPHY 


The  pervasive  influence  of  the  microelectronics  industry  on  commercial  activities  of  almost  all 
sorts  is  widely  recognized.  The  overall  importance  of  the  power  of  information  retrieving  and  pro¬ 
cessing  equipment  is  poorly  estimated  by  considering  only  the  magnitude  of  annual  sales  volume. 
The  recognition  of  the  role  of  this  industry  has  resulted  in  its  sustained  growth:  and  yet.  forecasts 
anticipate  a  levelling  off  in  the  near  future.  The  growth  of  the  industry  has  been  directly  linked  to  the 
continued  diminution  of  sizes  on  microchips,  illustrated  in  Figure  6.  the  smaller  the  feature  sizes, 
the  greater  the  number  of  elements  per  chip,  and  the  greater  the  capability  of  the  resulting  circuit  per 
unit  cost'1'  and,  generally,  the  greater  the  speed. 
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Fig.  6  Trend  of  linewidth  in  integrated  circuits.  Courtesy  of 
R.T.  Bate.  Texas  Instruments,  lne. 


Present  efforts  to  sustain  growth  and  realize  the  next  generation  of  improvement  in  processing 
power  are  therefore  centered  on  techniques  for  further  miniaturization  of  microcircuits.  One  major 
thrust  in  this  effort  is  the  attainment  of  commercially  viable  processes  to  produce  smaller  linewidth 
features  on  microchips,  hut  with  the  same  basic  device  structures  as  used  heretofore.  A  more  novel 
approach  is  to  develop  a  totally  new  type  of  structure  around  quantum  well  devices. I  bis  paper  will 
indicate  wavs  in  which  processing  steps  with  laser- produced  plasmas  might  contribute  to  each  ol  these 
major  thrusts 

In  this  section,  an  introduction  to  lithographic  concepts  is  followed  bv  a  brief  summary  ot 
results  of  research  performed  at  this  Laboratory  on  the  technical  feasibility  ot  attaining  ot  small 
linewidths  by  x-ray  lithography,  using  a  laser  plasma  (I  P)  as  an  x-ray  source  The  principal  advan¬ 
tages  and  limitations  ol  this  method  are  then  outlined  and  areas  ol  luturc  work  suggested,  and  lastly, 
the  present  status  of  commercial  application  is  indicated 

LITHOGRAPHY  CONCKPTS 

Commercial  fabrication  of  microcircuits  includes  patterning  ol  thin  lilms  ol  ditlereni  materials 
on  the  surface  of  a  semiconductor,  and  patterning  ot  relatively  dilute  concentrations  ol  dopants  neat 
the  surface.  The  patterning  steps  are  performed  bv  techniques  conceptually  smulai  to  some  originallv 
employed  in  the  printing  ol  lithographs.  Optical  lithography  tor  circuit  maiiulaeiure  involves  placing  a 
mask.  i.e.  a  pattern  of  dark  and  light  areas  on  the  surface  of  a  transparent  substrate  such  as  a  glass 
plate,  between  a  water  of  semiconductor  material  and  a  light  source  I  he  light  exposes  a  phoiosensi 
live  polymer  layer  called  a  photoresist  which  has  previously  been  coated  onto  the  semiconductor  s 


surface.  Development  of  the  exposed  resist  removes  portions  of  the  resist  according  to  the  pattern  of 
exposure,  the  net  result  being  a  replication  of  the  mask  pattern  in  the  polymer.  Optical  lithography  is 
easily  performed  for  feature  sizes  of  5  micrometers  or  greater,  with  successively  greater  care  required 
as  one  approaches  I  micrometer,  i.e.  a  few  times  the  wavelength  of  visible  light.  Submicron  lithogra¬ 
phy  is  performed  with  shorter  photon  wavelengths,  or  with  electron  beams  or  ion  beams.  Accord¬ 
ingly.  lithography  with  x-ray  photons  is  of  interest,  their  wavelengths  being  orders  of  magnitude 
smaller  than  the  visible.  Applications  of  fine  line  fabrication  outside  the  field  of  microelectronics,  the 
comparison  of  electron,  ion .  x-ray.  UV.  and  optical  lithographies,  the  evaluation  of  the  suitability  lor 
lithography  of  various  types  of  x-ray  sources,  and  other  topics  related  to  lithography  have  been  well 
reviewed  bv  Nagel. and  will  not  be  treated  here  in  such  detail. 

LASER  PLASMA  X-RAY  LITHOGRAPHY  FEASIBILITY 

In  one  suggested  arrangement  for  a  laser  plasma  (LP)  x-ray  lithography  exposure  facility,  a 
high-power  laser  directs  a  pulsed  beam  into  an  exposure  chamber  and  onto  a  target,  typically  at  an 
irradiance  near  or  above  about  It)1'  Wcnr  and  in  a  focal  diameter  of  a  fraction  of  a  millimeter. 
During  the  laser  pulse,  the  target  material  is  heated  to  a  temperature  sufficiently  high  to  cause  x-ray 
emission,  about  a  million  degrees  Kelvin.  The  x-rays  radiate  away  from  the  target  in  all  directions, 
and  pass  through  masks  held  in  alignment  with  their  respective  semiconductor  wafers.  The  conditions 
are  chosen  to  produce  x-rays  which  pass  through  the  mask  substrate,  but  not  through  the  pattern 
defined  on  the  mask.  The  mask  substrate  itself  must  he  thin  in  order  to  achieve  low  wav  absorption. 

An  early  test  of  the  feasibility  of  I.P  x-ray  iithographv  was  performed  at  this  Labora¬ 
tory  1  's  411  and  exemplified  many  relevant  characteristics  ot  the  x-ray  source:  source  si/e.  spec¬ 
tral  content,  emission  efficiency,  debris  patterns,  and  submicron  replication  A  (^-switched  Ndiglass 
laser  put  about  30  Joules  onto  an  aluminum  slab  target  in  a  40  nsec  pulse  Ihe  plasma  emits  visible. 
UV.  and  x-ray  photons,  as  well  as  plasma  particles  (electrons  and  ions)  and  vapor  flic  full  width  at 
half  maximum  of  x-rays  near  a  kilovolt  in  energy  was  15  nsec  An  x-ray  mask,  composed  ol  a  gold 
pattern  on  a  beryllium  substrate,  was  held  in  close  proximity  to  a  silicon  water  coated  with  a  resist. 
Kilovolt  \  rays  exposed  the  resist  through  the  mask,  and  the  resulting  patterns  were  developed  by 
spray  ing  with  the  appropriate  solutions  Electrical  tests'*1  were  performed  to  assess  radiation  damage 
to  the  silicon  by  the  x-ray  s  '1’  "l  4~ 

The  spatial  distribution  of  x-rays  emitted  above  I  kilo  electron  Volt  tkeVi  was  recorded  with 
pinhole  cameras  ol  differing  sensitivity  and  resolution.  As  shown  m  Figure  7.  the  highest  intensitv  of 
x-ray  emission  originates  in  a  region  about  0.4  mm  by  O.b  mm  Measurable  x-radialion  does  arise 
from  a  much  larger  plume  (figure  7b).  (Materials  synthesis  in  such  plumes  is  the  suh|cct  ol  other 
work  reported  m  these  Proceedings.4')  The  importance  ol  the  emission  pattern  to  lithographic  expo 
sure  levels,  however,  is  more  properly  represented  by  the  smaller  size  ol  the  high  resolution  image. 
The  penumhral  blurring  from  this  source  is  adequately  small  to  attain  line  widths  under  one  micron 
(see  below)  by  placing  the  mask  very  near  to  the  resist,  i.e..  within  several  tens  ol  microns 

The  spectra  ol  1.P  x-ray  sources  above  a  kilovolt  in  photon  energy  are  laulv  distinctive,  being 
composed  ol  emission  lines  and  continua.  both  ol  which  are  characteristic  ol  the  target  material,  its 
degree  ol  lom/ation  and  other  plasma  properties,  ihe  spectrum  ol  an  aluminum  target  near  I  kilo 
volt,  taken  with  the  40  nsec  laser  and  given  m  figure  Xu.  exhibits  ,i  cliMci  ot  lines  about  I  b  kcV 
which  contain  nearly  d(P<  ol  the  spectral  energy  above  a  keV.  and  lower  King  but  nonetheless  notice 
able  continuum  contributions  having  low  energy  limits  at  the  ionization  energies  ol  the  various  alunii 
mini  ions  ol  which  the  plasma  is  composed.  Ihe  continuum  tails  rapidlv  with  a  slope  that  depends  on 
the  plasma  temperature:  a  very  lew  photons  are  produced  at  high  photon  energies,  .md  the  number  ot 
these  which  are  absorbed  per  shot  by  a  water  will  fluctuate  A  typical  high  energy  I.P  continuum 
spectrum  (obtained  undei  other  conditions)  is  indicated  m  figure  Sb  i  Ihe  continuum  ol  an  election 
impact  x-ray  souro  such  as  an  x-ray  tube  has  an  enlirelv  different  shape,  with  signdicant  continuum 
levels  all  the  way  out  to  the  accelerating  energy  ol  the  electrons.)  I  here  is  abo  an  intense  conlnbu 
lion  predominantly  below  I  keV.  composed  ol  lines  and  a  dillercntly  shaped  continuum  It  a  mask 
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substrate  were  so  chosen  as  to  allow  longer  wavelength,  lower  energy  (e.g..  visible)  photons  to 
expose  the  resist  through  the  mask,  loss  of  resolution  by  diffraction  ot  these  photons  might  result. 
This  region  of  the  spectrum  was  effectively  absorbed  by  the  Be  mask  substrate,  and  therefore  did  not 
contribute  to  the  lithographic  exposure. 
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f  ig.  7  \  ray  images  of  an  alumi¬ 

num  plasma  (a)  at  high  resolution 
(about  25  microns!  showing  the  hot¬ 
test  region  and  (h)  at  low  resolution 
(about  1  mm)  showing  the  plume. 
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lag  X  Spcv.li a  horn  lasci  plasm. is  '  (al  I  race  ol  plio 
logtaphk  vlciisitv  cleaiU  icvcals  the  weakei  lines  and  the 
continuum  a  ho  e  about  7  I  kc\  l  nloldcd  mteiisitx  is  ilom 
mated  In  die  I  (i  kc\  moup  ol  Ink's  do  High  energv  con 
tinuiim.  t  d  en  andci  otliei  conditions 


The  beryllium  mask  substrate  was  nominally  25  microns  thick,  and  the  gold  pattern  500  nm 
thick.  At  these  thicknesses,  the  absorption  in  the  gold  (beryllium)  would  be  at  least  99 '<  of  the  pho¬ 
ton  energy  below  0.9  (0.8)  hex.  82  (49)';  at  1.6  kcV.  and  8b  (9 )r-l  at  3.0  keV.  It  is  desired  that  the 
substrate  foil  he  uniformly  absorbing  across  its  area.44  This  absorption  of  photons  in  the  mask  atid 
gold  pattern  produces  heating,  which  in  turn  induces  thermal  expansion.  According  to  a  calculation'1' 
which  does  not  account  lor  any  other  heat  loads  or  for  thermal  conduction,  the  heating  produced  by 
the  1 .6  keV  photons  is  but  a  couple  of  degrees  in  Be.  although  the  heating  of  the  gold  would  be  oxer 
100  degrees  C.  Warpage  might  result,  and  differential  expansion  between  substrate  and  pattern  could 
possibly  delaminate  the  mask.  However,  when  the  patterned  side  of  the  mask  is  placed  away  from 
the  source  (as  in  this  work),  so  that  the  substrate  alone  absorbs  the  abundant  CV  radiation,  a  signifi¬ 
cant  additional  heat  load  on  the  substrate  does  result.  Phis  effect  may  be  used  to  render  the  tempera¬ 
tures  of  substrate  and  pattern  more  nearlv  isothermal.  Also,  thermal  equilibration  tunes  are  less  than 
the  laser  pulse  duration  over  distances  of  1  micron  (the  thermal  diffusivity  ol  beryllium  is  h  x  10 
nr/s.  and  that  tor  a.old  10  4).  The  gold  pattern  is  evidently  isothermal  with  a  significant  thickness  of 
the  substrate  wi.  ^h  may  retard  delamination.  Thus,  it  is  important  to  evaluate  mask  substrate  and 
pattern  heating,  and  to  do  so  in  the  light  of  the  details  photon  deposition  and  mask  design. 

Another  attribute  of  laser-produced  plasmas,  the  emission  of  target  material  itself,  can  be 
deleterious  to  the  mask  if  care  is  not  taken.  The  pattern  of  aluminum  vapor  and  debris,  which  was 
emitted  by  these  solid  slab  targets  and  caught  on  a  glass  plate,  is  reproduced  in  Figure  9.  The  major¬ 
ity  of  debris  is  confined  within  a  well  defined  cone  of  fairly  large  half  angle.  55  degrees  in  the 
present  ease.'4  Generally  speaking,  the  debris  emission  prevents  placing  the  mask  in  the  region  of 
most  intense  x-ray  emission,  when  microcircuits  are  to  he  made.  The  amount  of  such  debris  can  be 
reduced  appreciably  by  suitable  target  design,  e.g..  a  thin  foil  target  which  does  not  contain  the  large 
reservoir  ol  meltable  material  of  a  slab  target."1  It  is  possible  to  fabricate  the  target  of  a  disc  suffi¬ 
ciently  thin  that  it  is  completely  vapori/ed  by  the  laser  pulse:  this  disc  may  then  be  held  on  a  thinner, 
larger  foil  for  mounting.  Nonetheless,  some  target  material  will  always  be  present  and  may  proceed 
by  line  of  sight  toward  the  mask.  Having  taken  measures  to  reduce  the  quantity  and  particle  si/e  ol 
such  material,  it  is  anticipated  that  the  material  can  be  caught  on  another  film  which  is  interposed 
between  the  source  and  the  mask.  This  catcher  film,  of  course,  must  be  appreciably  transparent  to 
the  \  rays  which  are  to  expose  the  resist.  Likely  as  not.  the  catcher  film  will  absorb  the  subkilovolt  \ 
rays,  which  then  would  not  be  available  to  thermali/e  the  mask.  While  these  considerations  have 
been  eonceptuali/ed.  they  remain  to  be  rigorously  demonstrated  in  practice. 

bxposiirc  of  poly  butene- 1 -sullone  (PBS)  resist  was  performed  at  a  distance  of  5  cm  trom  the 
source,  by  a  series  of  90  laser  shots.''’  The  mask  and  wafer  were  in  close  proximity  to  each  other.  5 
cm  from  the  source  at  an  angle  of  about  40  degiccs  from  the  incident  laser  beam.  i.e..  within  the 
debris  cone."1  With  this  non-optimi/cd  system,  the  x-ray  output  ol  about  a  third  ot  the  shots  was  sig 
nillcantly  below  the  norm,  due  largely  to  insufficient  optical  isolation  ol  the  laser  from  the  target  m 
the  system  as  it  was  then  eon  figured.  Part  ol  the  mask  was  covered  by  a  scries  ol  Be  filter  layers  with 
graded  x-ray  attenuation:  the  exposure  behind  this  step  wedge  was  quantified  and  the  sensitivity  of  the 
resist  determined  (5  .1  cm')  anil  found  to  be  in  reasonable  agreement  with  previous  values  from  con 
linuous  wave  x-ray  exposures  (14  .1  cm’).  More  recent  results  with  a  single  shot.  I  nsec  exposure  of 
PBS  by  a  laser  produced  plasma  found  the  icsist  to  he  more  sensitive  than  for  steadv  exposures  ' 
Partial  exposure  ot  the  resist  results  in  partial  development,  such  that  the  topography  ot  the  resist 
receives  the  mask  pattern  in  relief,  but  not  to  the  extent  that  die  vallevs  descend  liillv  to  the  walet 
(  A  similar  topographical  effect  can  be  expected  m  exposures  In  photons  uisul I icicntlv  penetrating  to 
reach  the  lull  depth  ol  the  resist.)  In  a  region  of  the  mask  suh|cct  to  such  a  partial  exposure,  a  rebel 
pattern  showing  features  of  0.75  microns  (the  naiiowest  stiuciurcs  on  the  mask)  was  iccordcd  (see 
figure  10).  thus  demonstrating  the  feasibility  ol  producing  line  lines  In  this  method 

In  addition  to  the  mask  exposure  test,  a  concurrent  exposure  test  was  peiloimed  on  M<  >S  capaci 
tors,  to  determine  whether  the  lom/mg  lithographic  exposure  would  unlike  clcciiicully  significant 
radiation  damaee  Capacitors  consisting  ol  100  nm  thick  aluminum  dots  wcic  cvupoiutcd  onto  a  div 
silicon  ovule  Inver  on  the  silicon  substiate  I  licsc  test  stmctiucs  neie  protected  In  an  IS  mu  ion  Be 


toil  (i.c..  thinner  than  the  mask  substrate),  and  placed  5  cm  from  the  plasma.  The  radiation  hardness  V\.“ 

of  these  wafers  was  found  to  he  less  than  in  waters  not  subject  to  ionizing  lithography.4'  . ‘.’A. 

Capacitance/ voltage  curves taken  before  and  after  irradiation  yielded  no  change  in  shape  and  less  of 

a  shift  than  in  similar  tests  following  exposures  by  x-ray  tubes  and  electron  beams.41  It  appears.  J  A 

however,  that  the  presence  of  impurities  in  the  oxide  layer  was  the  controlling  factor  in  these  find- 

ings.  rather  than  the  lithographies  used.41’  The  impurities  can  evidently  be  avoided  by  appropriate  pro- 

cessing  steps. 

« 


Fig.  y  —  Debris  pattern  recorded  on  a 
glass  plate  placed  in  front  of  Al  tar¬ 
gets. 
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The  advantages  and  disadvantages  of  x-ray  lithography  in  general,  and  of  various  plasma  sources 
in  particular,  have  been  enumerated  elsewhere/’  4  ”  The  advantage  ot  greatest  moment,  ol  course, 
is  the  ability  to  attain  finer  resolution  than  with  conventional  optical  methods.  Some  of  the  limits  on 
this  resolution  vary  with  system  design:  source  si/e.  geometrical  placement  of  components  (source, 
mask,  wafer),  and  the  diffraction  of  photons  which  reach  the  resist.  Other  limits  are  more  fundamen¬ 
tal:  smearing  produced  by  energetic  photoclecirons  liberated  in  the  resist  by  the  x-ray  absorption  pro¬ 
cess.  and  effects  produced  by  the  inevitable  damage  sites  which  are  formed  by  ionizing  radiation 
(e.g..  electrical  power  losses  and  leakage).  A  systematic  comparison  of  the  electrical  side-efleets  of 
laser  plasma  x-ray  lithography  remains  to  be  carried  out:  initial  investigations  are  beginning  to 
develop  a  partial  view.  It  has  been  found  that  the  electrical  effects  of  lithography  with  ioni/ing  radia¬ 
tions  are  dependent  on  the  details  ol  the  structures  and  materials  present  at  the  lime  of  irradiation:  for 
this  reason,  radiation  hardness  tests  on  finished  devices  may  not  give  the  same  effects  as  those  under¬ 
going  processing,  and  ellecls  may  be  different  for  different  processing  agendas.  Thus,  the  evaluation 
ol  radiation  efleets  is  likelv  to  remain  a  matter  lor  lurther  investigation,  especially  as  processing  tech 
niiptes  evolve  Research  in  this  area  should  be  conducted  with  repetition  and  verification  until  the 
controlling  parameters  are  well  understood.  Mask  healing  remains  a  consideration  which  is  deserving 
ol  lurther  investigation  Protection  from  debris  is  clearly  a  need,  the  details  ol  which  must  be  worked 
out  Single  shot  lithographic  exposures  have  been  pcrlormcd  with  I.P  x-ray  sources,  but  the  v.uiahil 
itv  experienced  in  x  lav  output  Irom  these  sources  leads  one  lather  to  consnlci  a  multi  shot  scheme  1 
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In  addition  to  reducing  the  heat  load  on  the  mask  in  a  system  with  less  energy  per  pulse,  the  precision 
in  integrated  exposure  can  be  increased.4  while  reducing  the  cost  of  the  laser.  Such  an  approach  has 
been  demonstrated  with  a  10  Hz  Nd  laser.4  Js  although  the  exposure  time  for  presently  available 
lasers  is  again  too  long4*  (15  to  60  min.)  for  a  commercially  attractive  lithography  system.  The 
development  of  higher  average  power,  repetitively  pulsed  lasers  may  have  an  impact  here.'4  It  has 
been  pointed  out  that  the  I  micron  wavelength  of  Nd  lasers  is  not  optimal  tor  x-ray  lithography  ,  and 
that  a  greater  x-ray  output  would  be  expected  from  shorter  wavelengths.'4  This  expectation  was 
recently  corroborated  experimentally  with  a  Krf  laser  operating  at  249  nni:  a  hundred  shots  exposed 
a  less  sensitive  resist  in  under  two  minutes,  a  very  inviting  result  44 
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big.  10  —  Submicron  replication  achieved  by 
x-ray  lithography  with  A1  plasmas."' 


LITHOGRAPHY  APPLICATIONS  STATUS 

X-ray  lithography  has  proceeded  through  a  number  of  phases  of  development.  Alter  initial 
investigations  were  made,  devices  were  made  in  low  quantities  to  serve  demonstration,  research,  or 
customized  purposes.  Bubble  memory  devices  with  I  micron  features  have  been  fabricated  by  x-ray 
lithography  on  a  production  line  basis  by  Intel.  11  Although  the  center  of  gravity  o!  the  industry  is  still 
solidly  in  the  optical  lithography  region,  electron  impact  x-ray  lithography  systems'1  and  exposure 
sources  tire  now  on  the  market,  c.g..  Perkin-LInter’s  new  stcp-and-repcat  unit  and  the  Micromx  Hood 
exposure  unit.s~  In  addition,  electron  discharge  plasma  sources  are  being  offered  lor  x-ray  lithography 
bv  Maxwell.  The  laser  plasma  x-ray  source  has  been  under  development  by  Spectra  Technology, 
and  an  integrated  x-ray  lithography  system  employing  a  laser  plasma  x-ray  source  is  being  developed 
by  Hampshire  Instruments.'* 

In  summary,  x-ray  lithography  is  presently  in  its  early  phases  ot  commercial  productivity  I  he 
research  performed  on  laser  plasma  x-ray  sources  is  bearing  Iruit  m  the  development,  now  in 
progress,  of  x-ray  lithographic  systems  for  the  commercial  market  further  advances  m  optimization 
of  the  laser  plasma  exposure  system  are  anticipated  to  enhance  the  strength  ol  this  application  ot  laser 
technology. 
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KYAPORATIVK  COATING 


Above  laser  densities  of  about  10''  to  K)1'  W  enr  impinging  on  a  solid  target.  vapor  and  other 
forms  of  material  begin  to  be  expelled  from  the  irradiated  region.  These  other  forms  include  expand 
ing  plasma  (above  about  10s  to  K)'1  W/cnr)  and  ejeeted  liquid,  c.g.  globules.  Various  mechanisms  are 
responsible  for  the  ejection  of  liquid,  including  microexplosions  beneath  the  surface,  and  the  forcing 
out  of  liquid  by  the  pressure  pulse  associated  with  laser-driven  ablation.  Despite  the  fact  that  the 
prospect  of  using  laser-produced  evaporation  as  a  coating  technique  was  pointed  out  earh  and  has 
continued  under  investigation."  the  technique  has  evidently  not  been  competitive  with  the  numerous 
alternative  technologies.  This  is  likely  due  in  part  to  the  perception  that  other  coating  systems  offer 
better  control,  higher  deposition  rates,  and  superior  coating  uniformity  over  larger  areas.  It  remains, 
then,  to  examine  whether  specialized  uses  for  laser  evaporative  coating  offer  significant  advantages 
over  other  means. 

An  example  of  coating  quality  for  the  higher  irradiance  regimes,  where  ejecta  are  emitted,  is 
tvpified  bv  Figure  '■>:  the  uniformity  of  the  coating  would  obviously  be  poor  over  most,  d  not  all.  ol 
the  available  solid  angle.  However,  such  results  need  not  be  taken  as  optimum.  Carbon  films  pro¬ 
duced  bv  pulsed  laser  plasma  deposition  (about  I  .1  pulse,  d  nsec.  10  H/.  Nd  laser!  were  smooth  in 
thickness  down  to  micron  distances  laterally,  although  thickness  cl  id  vary  gradually  on  a  scale  ot  cen¬ 
timeters.'4  (Aluminum  films  prepared  from  rod  targets  m  the  same  investigation  were  visibly  not 
smooth. ) 


The  laser  source  can  be  adjusted  to  emit  vapor  or  plasma,  depending  on  the  irradiation  condi¬ 
tions.  The  degree  ol  ionization  of  the  emitted  plasma  is  also  under  control,  together  with  the  energy 
of  the  emitted  plasma  ions.  Since  the  energy  ot  the  ions  is  dependent  on  the  plasma  temperature,  the 
uniformity  of  the  laser  irradiation  can  be  important.  I  he  degree  o)  ioni/ation  can  be  reduced  by  pass 
ing  the  ions  through  a  low  pressure  gas.  to  enable  charge  exchange  to  take  place.  I  ach  ol  these 
parameters  is  reasonably  reproducible,  and  may  be  diagnosed  vvuh  die  appropriate  instrumentation 
Thus,  the  laser  coating  source  can  be  well  characterized  and  adiusted  ovet  many  ot  the  parameters  ol 
interest. 


The  coating  rate  is  dependent  upon  both  the  laser  and  the  t.ugct  par. nuclei s.  .o  well  as  the 
geometry  ol  the  coating  setup.  The  carbon  films  previously  mentioned  wcic  deposited  at  the  rate  ol 
0.1  Angstrom  pulse,  at  a  distance  of  about  y  cm.  Ihtis.  sub  Angstiom  coitliol  is  ollcied  by  the  laser 
coating  technique,  with  thicknesses  ot  0  I  micron  being  obtained  m  about  an  hour  and  a  lull.  Otlici 
workers  have  obtained  rates  ol  under  I  to  It)''  Angstrom  sec  lot  various  maleiials  '  with  peak  lasei 
powers  ranging  from  100  \V  to  a  (i\V. 

These  coating  rates  and  degrees  ol  contiol  are  within  the  i.nigc  ot  possible  application  to  the 
fabrication  of  such  structures  as  supci  lattices."  quantum  devices.''’  and  multilaycis  The  lasei 
evaporative  coating  source  does  not  requue  die  gas  handling  hardware  ol  metal  organic  vapot  deposi 
tion  systems,  and  is  compatible  with  high  vacuum  icchniques  such  as  are  lound  m  moleculai  beam 
epitaxy  sv  stems.  Other  laser  processes,  inc  luding  lasei  chemical  vapoi  deposition  and  lasei  anneal 
ing.  are  being  considered  lor  lubricating  some  ol  these  structures  li  is  not  to  be  anticipated  that  the 
laser  coating  source  will  replace  the  various  systems  now  in  use-  loi  icscaich  labiic.ition  However, 
laser  evaporative  coating  can  reasonablv  be  expected  to  laid  lurihei  icscauh  applications.  pe  rhaps 
eventually  even  commercial  applications,  bill  these  await  a  mote  thorough  compdalion  ot  die  aim 
butes  of  the  laser  ev  aporaliv  c  source  in  rcl.it  ion  to  the-  I  a  In  u  at  ion  ot  these-  novel  mie  iosi  i  uc  tines 
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LITHOGRAPHIC  TECHNIQUES:  AN  OVERVIEW 


M.  C.  Peckerar 
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Washington,  DC  20375-5000 


ABSTRACT 

The  major  lithographic  methods  used  in  the  production  of  integrated 
circuits  are  described.  The  limitations  of  each  of  these  methods  are  outlined 
and  contrasted.  Emphasis  is  given  to  the  optical  aspects  of  pattern  replication 
as  well  as  to  topics  relating  to  illumination  sources.  Areas  of  advanced 
development,  such  as  e-beam  and  x-ray  lithography,  are  described. 
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I.  Introduction 


Lithography  is 
arbitrary  surfaces, 
devices  to  be  fabricated 
lines,  oxide  cuts,  etc. 
tronics : 


the  technique  of  reproducing  pre -determined  patterns  on 
In  semiconductor  work,  the  patterns  are  those  of  the 
on  silicon  wafers:  diffusion  tubs,  metallization 

We  can  list  the  goals  of  lithography  of  microelec  • 


o  To  provide  high-resolution  images  over  as  large  an  area  as  possible  while- 
controlling  the  critical  dimensions  (CDs)  over  the  types  of  image  plane  top¬ 
ography  normally  found  in  IC  processing. 


o  To  align  the  image  with  underlying  features  on  the  wafer  surface 
o  To  do  the  above  tasks  without  damage  to  the  devices  fabricated. 


Basically,  these  goals  boil  down  to  the  following:  the  success  of  a  litho¬ 
graphic  process  is  defined  as  our  ability  t6  place  a  material  boundary  wherever 
we  would  like  on  a  silicon  wafer.  This  boundary  could  be  the  edge  of  a  dif¬ 
fusion  tub,  the  center  point  of  a  contact  window,  or  any  of  a  number  of  material 
delimiters  needed  to  make  an  IC.  Currently,  the  IC  industry  demands  a  capabil¬ 
ity  to  resolve  submicron  minimum  features.  These  submicron  images  must  be 
placed  over  the  surface  of  a  4  inch  diameter  silicon  wafer  with  0.1  micrometer 
accuracy . 


Our  ability  to  set  boundary  positions  is  a  major  factor  for  consideration 
in  determining  design  rules.  Design  rules  are  IC  construction  guidelines  which 
tell  us:  (a)  the  minimum  feature  sizes  for  a  given  material  or  process:  (b)  how 
close  we  can  reproducibly  bring  two  features  together  without  intolerable 
interactions  occurring;  and,  (c)  with  what  degree  of  accuracy  with  we  can  place 
a  given  feature  with  respect  to  features  already  present  on  the  substrate. 
These  rules  are  important  for  a  number  of  reasons.  First,  they  set  the  max i mum 
device  density  of  the  IC.  Obviously,  if  the  minimum  MOSFET  gate  dimensions  are 
10  /im  X  10  /im,  we  would  have  trouble  fitting  two  such  FETs  in  an  area  of  100 
.  In  addition,  if  we  make  the  design  rules  "tight"  (near  the  maximum 
performance  limits  of  our  processing  tools),  yields  may  be  reduced. 


Minimum  feature  sizes  are  not  set  simply  by  the  optimum  resolving  power  of 
the  lithographic  tool  used.  We  have  to  take  into  account  the  surface  on  which 
the  image  is  to  be  defined.  If  the  surface  is  not  flat,  the  image  mav  appear 
out  of  focus.  If  the  underlying  surface  is  reflective,  standing-wave  patterns 
can  form,  changing  the  image  dimensions.  Two  distinct  images  placed  close 
together  may  interfere  with  each  other.  This  is  one  example  of  a  proximity 
effect.  So  far,  the  concepts  of  resolution,  focus  and  alignment  accuracy  arc- 
used  rather  loosely.  In  succeeding  sections  these  concepts  will  he  given  some- 
mathematical  substance. 


The  discussion  below  begins  with  an  overview  of  current  lithographs 
practice.  The  purpose  here  to  describe  t  lie  ranges  of  applicability  tin  terms  of 
minimum  resolved  feature  size  and  placement  accuracy)  of  vat  ions 


X-ray  and  e-beam  systems)  become  useful,  are  labelled 
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X-ray  lithographic  systems  are  described.  This  is  followed  by  criteria  for 
evaluating  lithographic  systems.  Special  emphasis  is  given  to  system  optics  and 
to  source  development. 

1.  An  Overview  of  Conventional  Lithographic  Methods 

The  process  of  optical  lithography  for  microelectronics  is  similar  to  the 
somewhat  more  familiar  process  of  photography.  In  lithography,  silicon  wafers 
are,  essentially,  turned  into  photo-plates  by  the  application  of  photo-resist  (a 
thin,  light-sensitive  plastic  film).  In  some  sense,  the  process  of  lithography 
is  simpler  than  that  of  photography.  In  photography,  light  of  many  colors  and 
intensities  is  used  to  create  an  image.  In  lithography,  the  range  of  exposing 
wavelengths  is  extremely  narrow.  Every  attempt  is  made  to  assure  uniform 
intensity  over  the  exposure  field.  The  image  is  a  shadow  image  of  the  desired 
set  of  shapes.  The  shadow  image  is  created  by  a  photographic  mask.  Some 
regions  of  the  mask  are  opaque,  stopping  the  incident  light.  Other  regions  are 
transparent.  Light  passing  through  the  transparent  regions  falls  on  the 

underlying  photo-resist  (PR)  exposing  it.  This  is  illustrated  in  Fig.  1.  In 
some  cases,  where  very  high  resolution  is  desired,  the  PR  is  exposed  by  a 
tightly  focused  electron  or  ion  beam.  This  beam  "writes"  the  pattern  directly 
on  the  work-piece,  filling  in  the  shapes  to  be  exposed  much  like  a  child 
coloring  in  a  coloring  book. 

There  are  a  number  of  variations  of  the  optical  or  beam  process  These 
variations  are  summarized  in  Fig.  2.  Entries  along  the  top  of  the  figure 
indicate  three  separate  exposure  techniques:  focused  beam,  pattern  projection 

and  simple  shadow  mask.  Entries  along  the  left-hand  column  indicate  three 
different  types  of  exposure  source.  This  leads  to  eight  distinctly  different 
types  of  microcircuit  lithography,  each  of  which  has  been  tried  with  some  degree 
of  success.  The  ninth  entry,  e-beam  flood  of  a  stencil-mask  held  close  to  the 
work-piece  (with  no  intervening  electron  optics)  was  attempted  by  Uestinghouse 
Electric  Corporation  in  their  "Ellipse"  system.  However,  as  of  this  writing, 
technical  difficulties  associated  with  this  approach  have  not  been  surmounted. 

If  we  read  the  figure  from  left  to  right,  we  get  an  historical  survey  of 
the  field.  The  first  lithography  tools  employed  shadow  masks  which  were  in 
contact  with  the  work-piece.  Each  time  the  mask  came  in  contact  with  the  wafer, 
though,  there  was  a  possibility  of  mask  damage  occurring.  To  remedy  this, 
proximity-pr inters  were  used.  Here,  the  mask  was  removed  from  the  wafer  bv 
about  25  urn.  This  helped  to  reduce  mask  damage,  but  it  severely  degraded 
resolution  (for  reasons  discussed  below). 

The  next  development  in  the  field  occurred  when  Perkin- Elmer  Corporation 
introduced  the  full -wafer  projection  system.  Here,  a  high-quality  image  of  the 
mask  is  projected,  like  a  photo-slide,  onto  the  wafer.  Resolution  was  better 
than  that  obtained  with  a  proximity  printer  (but  not  as  good  as  that  seen  with 
contact  printers!).  The  optical  field  of  full  wafer  systems  is  relatively 
large  The  industry,  at  this  writing,  is  going  to  5"  diameter  wafers  It  is 
difficult  to  maintain  resolution  over  fields  this  large  for  a  number  of  reasons 
Even  though  the  optical  exposure  source  is  nearly  monocbromat  ic.  a  number  of 
spectral  lines  are  admitted  to  the  system.  Chroma t ic  aberrat ions  can  become  a 

problem,  as  does  astigmatism.  Front -surface  mirror  lenses  have  been  developed 
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to  minimize  chromatic  abberation.  But  the  wafer  deformation  through  processing 
may  cause  large  portions  of  the  wafer  to  be  out  of  focus  in  a  full -wafer 
projection  system.  To  remedy  these  problems,  the  exposure  field  size  may  be 
reduced  to  fill  only  a  part  of  the  wafer.  Such  a  system  is  called  a  wafer 
stepper ,  since  the  image  of  a  single  chip  is  "stepped"  across  the  wafer,  a  chip 
at  a  time. 

As  a  final  development,  beam-forming  lithographies  are  currently  available. 
The  photon  beam  occupies  a  central  position  in  most  conventional  lithography 
schemes.  The  shadow  masks  used  by  all  of  the  optical  lithographies  mentioned 
above  are  frequently  made  with  such  devices,  often  called  "flashers".  A  lens- 
formed  beam  is  shot  onto  an  unpatterned,  resist  covered  photo-plate.  The  beam 
is  flashed  on  and  off,  delivering  a  precise  amount  of  energy  to  expose  the 
resist.  The  table  on  which  the  plate  sits  is  moved  under  computer  control  to 
move  the  mask  beneath  the  central  optic  axis  and  sweep  out  the  desired  exposure 
pattern . 

Electron  and  ion  beams  are  frequently  employed  for  extremely  high  resolu¬ 
tion  resulting  from  the  very  short  effective  wavelength  of  these  particles. 
These  beams,  though,  are  usually  moved  off  the  center-line  to  expose  a  small 
field  before  the  table  is  moved.  Electron  and  ion  beams  are  also  used  to  expose 
wafers  directly  as  well  as  to  make  mask  plates. 

2.  Evaluation  Criteria  for  Lithographic  Systems 

The  three  most  important  evaluation  criteria  of  any  lithographic  system 
are:  minimum  resolved  feature  size,  depth-of - focus  and  positioning  accuracy. 

The  first  two  of  these  criteria  are  related  to  the  optics  of  the  image  forming 
system.  In  fact,  they  are  determined  by  a  single  aspect  of  the  system  optics: 
numerical  aperture.  Positioning  accuracy  is  determined  bv  the  alignment 
subsystem.  In  paragraphs  below,  useful  formulae  for  characterizing  minimum 
resolved  feature  sizes  and  depth  -  of  -  focus  are  presented.  Some  fundamentals  of 
alignment  systems  are  presented. 

First,  let  us  examine  the  concept  of  numerical  aperture  (NA) .  This  is 
shown  in  Fig.  3.  The  NA  is  seen  to  be  the  sine  cf  the  half -angle  a  subtended  bv 
the  final  lens  aperture  at  the  image  plane  multiplied  by  the  index  of  refraction 
of  the  medium  between  the  lens  and  the  image  plane.  (For  a  microscope,  ct  is 
measured  from  the  object  plane.)  We  can  view  the  aperture  as  a  spatial  frequen¬ 
cy  filter.  To  faithfully  reconstruct  an  image,  many  light  -wave  spatial 
frequencies  must  be  summed.  The  smaller  the  NA ,  the  fewer  the  number  of  these 
spatial  frequencies  that  can  be  summed  This  degrades  image  quality 

Typically,  we  use  the  Rayleigh  formula  to  relate  minimum  resolved  feature  size 
AX,  to  NA: 

*1)  AX  ~  ' '  ( NA )  '  ''  ,’nsinn 


whe re : 

n  —  index  of  refraction  of  the  medium  surrounding  the  lens. 
r»  —  half  -.ingle  subtended  bv  the  aperture  at  the  image  plane 
V  -  wavelength  of  the  illuminating  radiation 
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The  relationship  of  NA  to  depth-of - focus  (DF)  is  a  bit  less  obvious.  But 
inspection  of  Fig.  3  reveals  the  salient  points.  High  numerical  aperture 
systems  have  large  cross  over  angles,  a.  This  means  that  the  light  beams 
diverge  rapidly  on  passing  through  their  plane  of  optimum  focus.  The  larger  the 
value  of  a ,  the  more  rapidly  the  focused  beams  diverge  for  a  unit  displacement 
of  the  image  plane.  The  DF  can  be  taken  as  the  image  plane  displacement  which 
causes  a  point  to  spread  into  a  disc  whose  diameter  is  that  of  the  minimum 

resolved  feature  size.  It  can  be  shown  that  (under  this  assumption)  the  DF  is 
given  bv : 

(2)  DF  -  A/2 ( NA) 2 

Fig.  4  is  a  plot  of  both  depth  -  of - focus  and  minimum  resolved  feature  size 
as  a  function  of  numerical  aperture  for  conventional  UV  sources  (436  nm)  and  for 
deep-UV  sources  (200  nm) .  Currently  available  UV  and  deep  UV  systems  have  NAs 
as  high  as  0.4.  Thus  submicron  resolving  power  is  well  within  the  capability  of 
such  machines.  However,  if  we  flip  to  other  axis  of  this  figure,  we  see  a  less 
tractable  problem.  The  DF  is  also  submicron.  Typically,  it  is  possible  to 
maintain  the  focal  plane  position  to  within  a  micron  -  per  -  cent ime ter  over  a 

silicon  wafer  radius.  Stepper  field  sizes  are  usually  lcm^ .  Very  high  resolu¬ 
tion  optical  systems  defocus  over  the  image  field.  This  is  a  major  draw-back  in 
high  yield  processing.  This  is  a  prime  source  of  motivation  for  the  development 
of  x-ray  and  e-beam  systems  with  greater  depth  of  focus. 

3.  E-beam  and  X-Ray  Lithography 

The  first  submicron  systems  to  become  commercially  available  were  e-beam 
systems.  As  mentioned  above,  these  systems  write  with  submicron  diameter  pencil 
beams  of  electrons.  Electrons  are  brought  to  a  focus  and  there  is  a  cross-over 
angle  which  creates  a  finite  depth  of  focus.  But  this  angle  is  as  small  as  n.l 
milliradian.  Depth-of  focus  is  rarely  a  problem  here  Still,  in  commercially 
available  systems  (which  write  with  20  keV  beams),  the  beam  diameter  is  not  the 
resolution  limit.  The  interaction  of  the  beam  with  the  work  piece  does  create 
the  resolution  limit.  The  beam  splays  out  as  it  strikes  the  resist,  depositing 

energy  at  a  distance  from  the  initial  point  of  impact.  Electrons  can  be  re¬ 

directed  (or  "backscattered" )  from  the  bulk  back  into  the  resist.  This  creates 
what  is  called  a  proximity  effect:  unintentional  exposure  of  resist  a  distance 

from  desired  exposure  points.  When  a  group  of  tightly  spaced  features  appear, 
the  problem  is  worse.  Exposure  contributions  in  a  single  ideally  unexposed 
region  can  appear  from  each  of  the  intentionally  exposed  features. 

To  model  these  effects,  Monte  Carlo  techniques  have  been  developed  Here, 
a  single  electron  is  followed  about  in  its  path  through  the  solid.  Various 
types  of  electron-matter  interaction  are  given  statistical  weights  based  on 
likelihood  of  occurrence.  Random  number  generators  are  used  to  select  what  i  if 
any)  interaction  occurs  over  a  given  path  length.  Single  electron  histories  un¬ 
developed  for  a  large  number  of  electrons.  Statistical  distributions  giving 
probabilities  of  position  and  energy  deposition  are  thus  derived  The  results 
of  such  modeling  are  shown  in  Fig.  5.  These  results  can  be  used  to  develop 

schemes  to  minimize  proximity  effect.  However,  the  calculations  are  time 
consuming  and  expensive.  Thus,  for  dense  patterns,  it  is  currently  not  cotrmei 
cially  feasible  to  do  such  "first  principles”  corrections.  Some  heur i s t  i <  a  1  1 v 


developed  algorithms  are  helpful.  It  appears  that  such  corrections  are  good  to 
the  half -micron  level. 

Resolution,  though,  is  not  the  main  problem  associated  with  e-beam  litho 
graphy  for  present  integrated  circuits.  The  whole  e-beam  process  is  inherently 
slow.  The  beam  moves  from  exposure  "pixel"  to  exposure  "pixel"  in  a  serial 
fashion.  In  a  full  raster-scan  machine  even  unexposed  pixels  are  addressed 
while  the  beam  is  blanked  to  prevent  exposure.  In  the  vector- scan  mode,  the 
beam  is  moved  to  an  exposure  field  and  rastered  within  the  exposure  field 
Current  machines  write  pixel  exposure  rates  of  20-40  MHz  (20-40  million  pixels 
exposed  in  a  second).  This  can  mean  exposure  lasting  hours  for  densely  popu¬ 
lated  circuits  on  4  inch  silicon  wafers.  New  machines,  like  the  Aeble  1  b  0 
(developed  by  Perkin- Elmer ,  under  government  contract)  have  "variable  aperture" 
options,  which  can  adjust  pixel  sizes  from  2  pm  diameters  down  to  submicron 
diameters  during  the  writing  process.  This  can  reduce  exposure  times  by  over  an 
order  of  magnitude. 

Machine  reliability  is  also  an  Important  issue.  A  single  e-beam  machine 
may  cost  over  two  million  dollars.  Even  large  corporations  may  have  onlv  a 
single  such  machine.  If  the  machine  is  damaged,  major  production  hold-ups  can 
occur.  The  high  speed  circuitry  necessary  to  drive  the  machine  and  the  associ¬ 
ated  computers  are  very  complicated  and  it  frequently  takes  days  (if  not  weeks) 
to  de-bug  a  problem.  Thus,  a  "parallel"  pixel  exposure  tool  (which  exposes  a 
large  number  of  pixels  at  once),  without  the  complicated  electronics,  would  he 
highly  desirable  for  densely  integrated  circuits. 

X-ray  lithography  can,  potentially,  provide  such  a  tool  Here,  short 
wavelength  x-rays  are  used  to  create  shadow  images.  Since  lenses  are  not  used, 
there  is  no  depth  -  of  -  focus  problem.  Resolution  is  set  by  penumbra  1  blur  of  the 
relatively  broad  x-ray  source.  This  effect,  as  well  as  several  other  geometric 
distortion  effects,  are  shown  in  Fig.  6.  Conventional  x-ray  sources  art- 

electron-  impact  sources.  As  the  source  is  separated  from  the  work -piece,  t  he 
penumbral  problem  is  alleviated  But  the  x-ray  intensity  drops  as  the  square  of 
the  separation. 

This  last  statement  underlines  one  of  the  major  barriers  to  the  implementa¬ 
tion  of  x-ray  technology  for  lithography.  The  sources  are  not  bright  enough 
PMMA ,  a  popular  high  resolution  resist  for  submicron  work,  requires  about  a 
joule  of  energy  incident  per-square  centimeter  Typical  exposure  times,  even 
for  the  highest  brightness  electron  impact  sources,  may  be  as  long  as  minutes 
per  square  centimeter  exposure  field.  This  certainly  does  not  allow  the  M 

wafer  an  hour  through-put  offered  by  commercial  optical  wafer-steppers 

A  second  major  difficulty  with  x - ray  technology  is  the  difficulty  of 
obtaining  good  x-ray  masks.  To  pass  soft  x-rays,  thin  membranes  are  required 
for  the  clear  portions  of  the  mask  A  heavy  metal  absorber  is  used  for  the 
opaque  region.  A  typical  mask  structure  (using  a  boron  nit  title  membrane  and  a 
gold  absorber)  is  shown  in  Fig  /.  The  metal  absorber  must  not  stress  t  he 
underlying  membrane  and  create  pattern  shifting  The  membrane  must  he  stiff 
enough  to  keep  patterns  fixed  over  time  The  membrane,  must  ,  of  course,  he  flee 

of  pinholes  or  other  types  of  defects  There  is  no  hard  data  on  reliability  nt 

manufacturability  of  x  -  r  iv  masks 


4.  Summary  and  Conclusions 

The  major  types  of  lithographic  systems  currently  in  use  or  in  development 
have  been  reviewed.  The  various  types  of  UV-optical  systems  (contact,  proximi¬ 
ty,  full-wafer,  wafer- stepper  and  deep-UV)  were  discussed.  Newer  types  of 
systems  keyed  for  the  submicron  integrated  market  were  also  summarized.  UV- 
optical  systems  are  capable  of  submicron  resolution  on  flat  surfaces.  However, 
depth  -  of - focus  problems  inhibit  their  usefulness  in  a  real  production  environ¬ 
ment.  E-beam  systems  do  not  suffer  from  resolution  or  depth-of- focus  problems. 
But  those  presently  available  are  too  slow  and  lack  the  reliability  to  be  used 
in  direct-write  subraicron  production.  X-ray  lithography  has  the  potential  to 
overcome  all  these  problems.  But  source -brightness  and  mask  making  problems 
must  be  solved. 
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Figure  3.  An  illustration  of  how  numerical  aperture  influences  depth  -  of  -  focus . 
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(S1/D1)  =  (S2/D2 ) 


A)  Penumbra!  Blur  The  mask  image  does  not  cast  a  clean  shadow  A  region  of  extent 
S 2  is  partially  illuminated  by  a  source  of  extent  61 
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B  Registration  error  Features  at  the  edge  of  the  mast  are  dis¬ 
placed  an  amount  d  due  to  projection  effects  from  a  point 
source  if  the  mask-to-wafer  separation  is  uncertain,  this 
effect  is  difficult  to  correct  for 

Illustrations  of  the  origin  of  penumbra  1  blur,  and  other  geometiii 
distortion  effects  obtained  in  x-rav  lithography 
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Figure  6 


Boron  Nitride  Film 


The  thin  film  of  tantalum  is  used  as  a  base  layer 
to  initiate  the  plating  of  the  gold  absorber  layer 

The  photoresist  is  used  to  absorb  photoelectrons 
kicked  out  of  the  gold,  and  to  absorb  gold  M-line 
emission 

Figure  7.  A  typical  x-ray  mask. 


\KI  M H  <  I 


Ut  14 


lift  . 


'H1»d  SPIt  Vo.  664  M.g*  lnt*n*,fV  IftMf  Proc»»*»» 

«  1  966  bv  »♦>«  Sor<«4«  ot  Ptiolo  Opi.ral  in«i>um«niii.or  E  oQ.n#*rj  Bot  K<  Belling  ft*  rr>  WA  982?  7  00 1 0  USA 


(ienorjt  ion  anti  Use  of  Spontanoour.  X-ray  Kmisr.iun  From  I.a^or  Plasma*. 


I).  .  Naqel 


Naval  Kesea  t  ch  l.aNoratory 
Wash  inijton ,  IX'  *!()}7S-ri00n 


I  .  lnt  t  o'luct  inn 


Mu  L  t  imi  1  l  i  on  -  Jt*tj  r  plasmas  are  or  cjht  (intense,  '.mall,  •  di  *r  r  -  pu  1  sod )  source--  of 
x  -  i  ad  i  a  t  i  or;  .  I’hey  can  Co  heated  oy  fi  1  a  h  -  powe  r  *•  1  ec  f  r  1  >  *  a  1  i  i  srha  r  d'“ .  <m  I.c.it'.  I'lrj.v, 
denerateo  t.y  at'Soi  pt  n>n  of  j.nti-fr.KMisoc^  rul  la,-.**r  pulses  u  intensely  studied  for 
sc  i  n  t  l  t  l  c  and  t  ecnno  1  o<j  i  •.  a  1  reasons. 


iat'.c*  iaser  systems  with  powers  exceed  i  n«i  niuawatts  >  iv.  toon  rod  for 

l  no  t  t  i  a  i  -  con  t  i  noment  fusion  studies  for  at"Hj  t  !  ■>  year'.  The  ep,r.*  ise<  .<  j s  ,  i  f  >f  t  ■  •  >:  i  rr*  ( f  o  1  v 

l  <.  r  t  v  i  ■  i  ■.  ,  thermal  x  -  r  a  ,  o  nu  •  •  s  i .  >  1 1  from  t  r.e  |  1  a s  m  a  ■  •  *  h  o  y  * .  o  a  t  h  a  ■  •  t  .•«•»>  .  -  , . .]  { f  i  m  - 1 1  i  ]  v  for 

at. mm.  i  ionic!  spectroscopy  and  plasma  1  i  nines  t  !.•••.  Kom.i'.o  •«!  the  efficient  .  .n  vf  r  l  on 
'  t  la  r  to  a  -  1  ’  V  r  ad  i  a  t  i  on  l  n  p  1  a  ••’.mas  heated  :  y  dw  1  a  ‘  *>  r  <• ,  i  n  t .  ■  f  o »  r  •  expanded  m  t 
pa  .  t  :o .  a  jo  t.  •  i  nc  l  .mo  their  a  so  a  •  soft  x-ray  oars-  f  . .  r  .»  wi  do  r  i  rv  jo  of  p  ]  r  | ». .  -  o  •  t 

:s»  t  a  :  1  ;  *  i  P  -  t  o  so  i  t  i .  -n  ui-MiiM  of  live  t  i  o  1  . .  ,  j  v  ,  j  n\t  t  •'  f  l  a  i  iy-i  iv  t  i  « ■  r  o  .  •. %•  i  tn.| 

i  Jt.te:  :  •  s  .  i  i  *  i  on  ix-r  iv  l  l  t  ho  i  r  aphy  »  .  In.  the  ;  ■  » ■  *  five  .  i  r  ,  ( ‘.fe  -  1  r  o  r  ■  t  a  vo  he.  -  r- 

t  •  :  .  :t  ■  i  1  i  •  »  w*  i .  •  • ,  omit  l;io.*  i.>n  n  f  ml  !''•  |  x  -  r  tv  1  me  r  Hi  i  *  i  .  ,tk  •  ■  1  j  r  je  >  / , .  t 

i,i  1  ■  -  *  repot  it  i  on  r  1 1  •  ten  1  to  limit  the  i  *  \  ]  i  *  .  {  Ik  ie  1  ,  »  •  y  •  *  o  ♦  r  v  -  r  v.- 

l-’S'l  i‘  .  ’  ,  “  i  "  .  e  t  p  >!•  t  \ !  i  *  *  -1  -I  t  1  rr.j  1  1 1  ♦  d  . 


r  e  j  "  ■ »  .  r  ;  e  ;  ,  - ,  •  j  I  o.i  i  i  •  e  r  f  e  rr  ire  • .  .rr?..  ■  t  .  •  ;  i  \  \  v  \  :  i  :  '  c 

*  •  ■  ;  » w  j  *  •  .  • ;  s  •  .  o  , . p  r  •  ■  d  .j  v  -  o  :  1  •  i  m  a  w  •  .  ■  •  t  *’  .  i-s  ! 

:  ■  *  i  i  i  s  *  .  i  *  l  '  1 1  l  ■  t  s .  \  '  V  fane.  *  < .  •  ,  .  .  ♦  ;  t;  •  • 

•  •’•tie  .  >  *  :  t  "•<**•  t  •  i ,  •  t  .  c  o  ,t  1  1  ’ 1  •  %  «  :  i  .  :  s  :  » :  ■,  *  1  a 

m  .  ".ire  ♦  •  i»  i  a  -  d  x  •  :  a  .  ;  ■  ■  •  w  ••  i  » v  ?  ;  1  i  f  1  ♦  »  r 

,  i  .  -  •  ■  i  *  i '  \  -  :  i  .  ♦  i .  e  t  ;  i  e  :  .  *  .  .  .  f  i  • .  •  • .  t :  :  •  •  r  *  k  r  k  •  . 


t  :  i-r  *  k  c 


le  ,  .  e  •  ,  :  I  i  r  t  !♦ 


.  i  r  r  i  ♦  r  :  * 


i  e  -  r  l  :  i  o  ;  t 


•  r-ai;  $  ,  V. 

C  .t  i  .  .  v,  .-I 


i  .  •  r  i  r  • 


tm*.  •  •  X  I  e  |  i 


'  »  '  i  i  *  ;  < 


i  ;  i  i  .  * 


i  *  *  .  :  1  . r  :  .  »  .  :  •  i  r  :  .  *  i  •  *  • 


■  —  PUMP  '  —  l  AS  AN  T  — 


—  SAMPlf  •  —  Mf  ASUWMINt  *— ■  Rf  CORDING 


14?  $Pft  Mi'  hb4  >ntpn\.ty  t  P’-u  rwes  * 


•*.  s  • \y,  . 

>  *^  *  -  M  •  *  • 


-  .  .  CV  *«  *. 


v’a  V.*  v"  v*:  *  “  - •  •:  •  ■  - 


'  v-#N'S‘ 


PEAK  POWER  IMWI 


r*  **  ^ , 


II.  H  i  jri  Peax  h)w*-[ 


Critical  components  ot  laser  systems  1  n  ■  1 
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Until  recently,  little  attention  has  been  paid  to  1  n  t  eg  r  a  f  *»d  design  of  the  laser 
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It  is  anticipated  that  the  design  of  efficient  and  versatile  hear'  lines  for  laser-plasma 
x-radiation  will  prove  a  continuing  challenge  for  x-nv  opticians,  past  as,  design  or 
synchrotron  radiation  beam  lines  has  advanced  the  state-of-the-ar t  <>f  x - r  av  opt  its. 


Uses  of  X-UV  radiation  from  laser-heated  plasmas  have  peon  categorized  1  ^ : 


Plasma  Physics,  including  plasma  temperat  ir* 
radiography  of  dense  plasmas. 


and  iensity  diagnostics,  and  flash 


Atomic  and  Molecular  Physics,  especially  emiisie  and  ibsornt  ion  r.pect r  oscopy ,  and 
potentially,  photoelectron  spectroscopy. 


Solid-State  (Surface)  Physics,  notably  time 
possibly  dynamic  photo-electron  spectroscopy. 


flight 


into- ion  spect  r oscopy  and 


Dynamic  Structure  Studies,  including  flash  x-ray  diffraction,  small-angle  scattering  or 
EXAFS  transmission  or  reflection  measurements,  to  study  rapid  changes  in  structure,  such  as 
melt ing . 

Energy  Deposition,  in  order  to  drive  chemical  reactions:  to  induce  ionization,  heating, 
phase  changes  or  plasma  formation  (the  latter  to  ar.lat ively  accelerate  material);  or  to 
pump  lasers,  especially  in  the  X-UV  region. 

Instrument  Calibration,  especially  the  active  r e ] ert rnn ic i  and  passive  (»/;,,  film) 
equipment  used  to  diagnose  plasmas  and  other  short-pulse  x-ray  scarcer.  !,.istr-t!  rta  x-tav 
standard  sources  are  also  jnder  development. 

Repl icat ion  of  natural  materials,  as  in  biological  x-rav  nicroscopv,  or  tun-made 
structures,  sucn  as  x-ray  masks  which  are  replicated  during  microcircuit,  production. 

F.ason  and  his  colleagues  at  the  Rutherford  Appleton  Laboratory  have  been  especially 
active  in  developing  and  refining  applications  of  x-rays  from  1  iser -heated  nl as -as  1  <1 . 
They  have  done  flash  stroboscopic  and  t ime- resolved  streaked  t r ansm 1 s- i on  EXAFS ,  surface 
reflection  EXAFS,  pulsed  x-ray  diffraction  and  soft  x-ray  -ontaot  microscopy. 

The  replication  techniques  of  microscopy  and  lithography  may  become  quite  important 
commercially.  X-ray  microscopy  to  resolve  features  of  the  live  cells  ;n  th  1100-  to  ;u)00  A 
ranqe  could  be  used  clinically  in  b  to  10  years.  If  x-ray  lithography  does  di  ■'place 
optical  (UV)  lithography  for  mass  production  of  integrated  circuits,  and  if  1  as- r -n 1  asm  a 
sources  are  preferable  to  discharge-plasma  or  storage  ring  sources,  t  hen  1  mors  will  he 
engineered  for  h igh 1 /- r e 1 i able  x-ray  production  and  integrated  into  iliinmont  and  oxpo-ure 
stations.  The  commercial  time  scale  for  this  may  also  he  at, opt  r.  t  ,  ]  n,  year-. 
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Pulsed  lasers  are  in  use  for  diverse  industrial  processes,  as  indicated  in  Figure  10. 
That  plot  is  an  extension  of  an  earlier  diagram''’  to  include  h  igh - i r r ad i ance  laser-plasma 
X-UV  generation  for  the  types  of  applications  cited  above.  A  recent,  detailed  review  of 
such  uses  of  short-pulse  lasers  is  available. 

VIII.  Cone  1  us i on 

The  next  few  years  should  witness  design  and  construction  of  prototype  and  commercial 
laser  systems  dedicated  to  x-ray  production,  more  detailed  characterization  of  the 
parametric  dependence  of  laser-plasma  X-UV  emission,  design  and  use  of  integrated  tarqet 
chambe r / beam  line/experimental  chamber  systems  and  demonst ra t ion /re f inement  of  additional 
applications.  User-plasma  X-UV  sources  may  prove  to  he  local  alternatives  to  storage 
rings,  with  nigh  peak  x-ray  powers  and  intermediate  (  kHz)  repetition  rates  well  suited  to 
signal  averaging. 


Ac k  now 1 edqmen t  s 


Col  laborat  ions  with  it.  Pepin,  P.  Alaterre,  M.  ('taker,  M.  .  Peckerar  and  7.  P.  Toomen 
are  most  pleasant.  Helpful  conversations  with  H.  L.  Byers,  P .  w.  Fason,  L.  Esterowitz,  R. 
J.  Feldman,  Y.  Kato,  H.  Kuroda,  J.  M.  McMahon  and  T.  Mochizuki  are  appreciated.  R.  R. 
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